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Report D-920243-12 

Invest igat ion of Collision Probabi l i ty  of Electrons and 

Ions with Alkali Metal Atcsns 

Semiannual Progress Report - October 22, 1964, t o  May 11, 1965 

This report  i s  a summary of the experimental research invest igat ions con- 
ducted a t  the  United Aircraf t  Corporation Research Laboratories t o  determine‘:t& col- 
l i s i o n  p robab i l i t i e s  of e lectrons and cesium ions with cesium atomaduring the second 
six-month period from October 22, 1964, t o  May 11, 1965, under Contract NAS3-4171. 
I n  previous s tud ies  under Contract NASr-112, electron-cyclotron resonance techniques 
were employed t o  measure t h e  electron-cesium atom co l l i s ion  probabi l i ty  over an en- 
ergy range f rm 0.05 t o  0.10 eV. 
under t h e  same contract t o  measure t h e  co l l i s ion  probabi l i ty  of cesium ions with ce- 
sium atoms over the  energy range from 0.12 t o  9.7 e V .  The r e s u l t s  of these inves t i -  
gat ions w e r e  reported at t h e  IEEZ Thermionic Conversion Spec ia l i s t  Conference, 
Gatlinburg, Tennessee, on October 7 t o  9, 1963. 
represents  an extension of these earlier invest igat ions.  I n  t h e  first six-month pe- 
r iod  of t h e  contract ,  

under Contract NASr-112 w a s  analyzed t o  determine low energy cesium ion mobil i t iesyl  
The results of t he  ion mobili ty analysis  were presented a t  t he  IEEE Thermionic Con- 
vers ion Spec ia l i s t  Conference held i n  Cleveland, Ohio, on October 26 t o  28, 1964. 
I n  t h i s  period a cesium arc discharge has been used i n  conjunction with e lec t ro-  
s t a t i c  and rf conductivity probe techniques t o  determine t h e  c o l l i s i o n  probabi l i ty  
of e lec t rons  w i t h  cesium atms over the  energy range from 0.2 t o  0.6 eVa&rther  
cesium ion-cesium atom co l l i s ion  probabili ty measurements have been made i n  the  
ex is t ing  modified Fbmsauer beam experiment i n  an attempt t o  extend the  energy range 
of these measurements below 0.1 eV.  
at  0.1 eV,  ion beams with energies of 0.058 eV have been successful ly  detected,  and 
preliminary co l l i s ion  cross-section data  are reported herein. Experiments are con- 
t inuing t o  re f ine  and fur ther  analyze these data .‘“’Aknowledge of both the  c o l l i s i o n  
probabi l i ty  of e lectrons and cesium ions with c e i i a o m s  i s  e s s e n t i a l  i n  t he  analy- 
s is  of t he  neut ra l iza t ion  plasma exis t ing i n  t h e  themion ic  converter as w e l l  as be- 
ing important i n  t h e  analysis  of other devices t h a t  employ cesium vapor i n  an ionized 

A modified Ramsauer beam experiment was employed 

The work under t h i s  present contract  

reliminary measurements of electron-cesium atom cross  sect ions 

..“c 

were made, and the  ces h um ion-atan t o t a l  co l l i s ion  cross-section infomat ion  obtained 

L 

Ion  beam energy d i s t r ibu t ions  have been obtained 3) 
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EIXCTRON-CESIUM ATOM COLLISION PROBABILITY MEAsUREMEYTS 

1. Introduction 

Electron-atom momentum t ransfer  co l l i s ions  are  known t o  play a doaninant 
r o l e  i n  the determination of the  transport  propert ies  of s l i g h t l y  and p a r t i a l l y  ion- 
i z e d  plasmas, 
cross  sec t ion  f o r  momentum t ransfer ,  o r  co l l i s ion  probabi l i ty ,  i s  a prerequis i te  f o r  
obtaining an understanding of the  physical propert ies  of t he  non-equilibrium plasma 
t h a t  exists i n  thermionic converters and other  plasma devices employing cesium vapor 
i n  an ionized s t a t e .  
g i e s  a re  less than 1 eV. I n  t h i s  range of e lec t ron  energies,  there  is approximately 
an order of magnitude va r i a t ion  i n  the  experimental cross-section values reported i n  
the  l i t e r a t u r e  with no pa r t i cu la r  energy dependence exhibi ted i n  %he data.  

As a result, a knowledge of t h e  e l a s t i c  electron-cesium atm co l l i s ion  

I n  most p r a c t i c a l  cesium plasma devices, e lec t ron  mean ener- 

A compilation of the available electron-cesium atan c o l l i s i o n  probabi l i ty  
data i s  presented i n  F i g .  1. R. B. Brode' measured t h e  t o t a l  c o l l i s i o n  probabi l i ty  
(approximately equal t o  the  momentum t r ans fe r  co l l i s ion  probabi l i ty  f o r  near ly  i so -  
t r o p i c  sca t t e r ing )  over t h i r t y  years ago using monoenemetic e lec t ron  beam tech- 
niques. H i s  measurements cover a range down t o  an e lec t ron  energy of approximately 
0.6 eV and are considered t o  have establ ished at least the  approximate magnitude 
and general  qua l i t a t ive  behavior of the  co l l i s ion  probabi l i ty  f o r  energies near 
1 eV. 
ergy e lec t ron  beams have prevented the  extension of these methods t o  lower energies,  
and i n  f a c t ,  Brode's measurements have not even been checked f o r  cesium at the 
higher energies.  

However, experimental d i f f i c u l t i e s  associated with the  use of very low en- 

"he data presented i n  Refs. 2 t o  11 have been determined frm elec t ron  
swarm experiments where t h e  electrons are d i s t r ibu ted  i n  ve loc i ty  over almost t h e  
e n t i r e  energy range from 0 t o  1 eV, 
ure a d i f f e ren t  e lec t ron  t ranspor t  property i n  a cesium plasma, f rm which an aver- 
age c o l l i s i o n  probabi l i ty  was then determined. 
microwave e f f ec t ive  c o l l i s i o n  frequency was measured (Ref. 2) ,  microwave cyclotron 
resonance absorption spectra  were studied (Ref. 3 ) ,  t h e  d i r e c t  current plasma con- 
duc t iv i ty  was determined (Ref. 5 ) ,  the  dc propert ies  of gas  discharges i n  cesium 
were measured (Refs. 9 and lo), and the  s ingle  data  points  presented i n  Fig. 1 
represent ,  f o r  t he  most pa r t ,  average co l l i s iona l  parameters i n fe r r ed  f rm the  
operat ional  cha rac t e r i s t i c s  of devices such as the  thermionic wnver t e r .  Unfor- 
tunately,  t he  importance of proper averaging of t he  ve loc i ty  dependent c o l l i s i o n  
probabi l i ty  over all e lec t ron  ve loc i t i e s  has not been appreciated, and since plasma 
t ranspor t  propert ies  depend on the  averaging process, large discrepancies i n  t h e  
various measurements can e x i s t  as a result of mis in te rpre ta t ion  of experimental 
data ,  even though the measurements may be correc t .  

These experiments were each designed t o  meas- 

For example, t h e  high-f requency 

Another s ign i f icant  point i s  the consideration of t he  r o l e  played by 
For approximately half  e lectron-ion co l l i s ions  i n  the various investigations.  

- 2 -  



D-920243-12 

of the  ava i lab le  experimental co l l i s ion  probabi l i ty  data,  pa r t i cu la r ly  those obtained 
from device s tudies ,  electron-ion effects  have been neglected al together .  
other  h a l f ,  it has been assumed t h a t  electron-atom and electron-ion r e s i s t i v e  e f f e c t s  
can be t r e a t e d  separately and added l i k e  r e s i s t i v i t i e s  without regard t o  the  method 
of averaging over the  e lec t ron  veloci ty  d is t r ibu t ion .  This procedure and other  such 
averaging techniques can result i n  large e r r o r s  i n  the  in t e rp re t a t ion  of experimental 
data  if  t h e  co l l i s ion  probabi l i ty  i s  a strong function of e lec t ron  veloci ty ,  as most 
of the  ava i lab le  experimental and theo re t i ca l  work f o r  cesium indica tes .  

For the  

The objective of the  research program reported herein was t o  obtain re l i -  
ab le  experimental data  from measurements of t he  plasma propert ies  i n  the  pos i t ive  
column of a dc cesium a r c  discharge, which is  amenable t o  ana ly t i ca l  and laboratory 
diagnosis.  
c o l l i s i o n  frequency f rom which the actual  momentum t r a n s f e r  c o l l i s i o n  probabi l i ty  
was then obtained from an analysis  of the i n t e g r a l  equation describing the  e f fec-  
t i v e  c o l l i s i o n  frequency. 
ing c o l l i s i o n  probabi l i ty  data interpreted on a consis tent  basis and with the  
ava i lab le  t h e o r e t i c a l  predict ions of the electron-cesium atam c o l l i s i o n  probabili ty.  

These measurements lead t o  an e f f ec t ive  electron-cesium heavy p a r t i c l e  

With these r e s u l t s  a comparison was made with the exist- 

2. Theory and the  Plasma Model 

Homogeneous Plasma 

The equation describing t h e  electron current flow through a plasma under 
the  influence of a dc e l e c t r i c  f i e l d  may be derived on the  bas i s  of t he  physical 
model f o r  a plasma o r ig ina l ly  developed by 
is  assumed t h a t  co l l i s ions  a re  instrumental i n  s e t t i ng  up a negrly spher ica l ly  
symmetric ve loc i ty  d i s t r ibu t ion  of electrons and t h a t  small deviations f rm spheri-  
c a l  symmetry a re  described accurately enough by the  second t e r n  i n  t h e  spherical  
harmonic expansion of t he  ve loc i ty  d is t r ibu t ion  function. 
t h i s  first order expansion i n t o  the  Boltzmann equation, two coupled equations de- 
scr ibing t h e  r e l a t ionsh ip  of t he  terns of t he  expansion result. From these rela- 
t i o n s  and t h e  equation f o r  p a r t i c l e  current, the  following equation may be obtained 
f o r  the current  density: 

I n  t h i s  approach, it 

Upon subs t i t u t ion  of 

where 

m - e lec t ron  mass 
e - e lec t ron ic  charge 
v - e lec t ron  ve loc i ty  
ne - e lec t ron  number densi ty  
J - current densi ty  
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E - e l e c t r i c  f i e l d  i n t e n s i t y  
fo - i so t rop ic  p a r t  (first term i n  spherical  harmonic expansion) of the veloci ty  

d i s t r i b u t i o n  function normalized with respect t o  e lec t ron  density 
veQ(v ) -  e l a s t i c  electron-atom co l l i s ion  frequency f o r  momentum t r a n s f e r  
vei ( v  1- ef fec t ive  e l a s t i c  electron-ion co l l i s ion  frequency f o r  mmentum t r a n s f e r  

l 

a I n  t h i s  der iva t ion  it has been assumed that the  plasma i s  homogeneous, t h a t  the col-  , 
l i s i o n a l  f r i c t i o n  force exerted on electrons i s  due t o  e l a s t i c  momentum t r a n s f e r  en- 
counters w i t h  heavy p a r t i c l e s  which a r e  assumed i n f i n i t e l y  massive i n  c a p a r i s o n  with 
e lec t rons ,  and that electron-electron encounters have no d i r ec t  influence on the mo- 
mentum of the e lec t ron  gas. A more complete analysis  of the problem, which yields 
t h i s  r e s u l t ,  is  presented i n  R e f ,  13. 

! 
For $he cesium a r c  discharge plasma ( t o  be described i n  Section 3), which 

l is  the subject  of t h i s  analysis ,  the r e l a t ive ly  high degree of ionizat ion results i n  
extremely shor t  e lec t ron  thermalization times. 
e l ec t ron -e l ec t rm co l l i s ions  a re  in f luen t i a l  i n  es tab l i sh ing  a Maxwellian d i s t r ibu -  
t i o n  of e l ec t ron  ve loc i t i e s ,  and Eq. 1 becomes 

Therefore, it will be assumed tha t  

where k i s  Boltzmann's constant and Te the e lec t ron  temperature, The v a l i d i t y  of 
t h e  assumed Maxwellian form f o r  the electron ve loc i ty  d i s t r ibu t ion  and of the other 

expressed i n  the convenient f o m  
.-,"".--+:-."" :." +I..:- .a--:--..A:-.- --*-I1 I-- ----I ---- 3 2 -  r - - - L 2 . . -  I .  77 - - - * - . -  n - 7 ---- E"----- -- "--A- -u*. . . . -YI"-  "** "b n A I u - J Y b . u  * L A  " L b Y * " L A  7 .  YYl4.u"J."LI L L-CLIL "C 

where  vef f ,  the  e f f ec t ive  e lec t ron  heavy pa r t i c l e  mmentum t r a n s f e r  c o l l i s i o n  f r e -  
quency, i s  defined by 

The ve loc i ty  dependent electron-atom and electron-ion c o l l i s i o n  frequencies are 
r e l a t e d  t o  t h e i r  respective momentum t r ans fe r  cross sec t ions  by 

- 4 -  
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where 

n, - atom dens i ty  
Q23(v) -  e l a s t i c  electron-atom mmentum transfer c ross  sec t ion  
n ,  

Q J \ J ) -  e f f e c t i v e  e l a s t i c  electron-ion cross sect ion.  
- ion dens i ty  (equal t o  e lec t ron  density i n  a neu t r a l  plasma) 

The s t u b s t i t u t i o n  of t h i s  form f o r  t h e  co l l i s ion  frequency i n t o  Eq. 4 , ' a f t e r  
normalization with respect  t o  atom density, r e s u l t s  i n  the  following expression 
f o r  t h e  normalized e f f ec t ive  co l l i s ion  frequency: 

where a is the degree of ion iza t ion  defined as the  r a t i o  of e lec t ron  density t o  atom 
densi ty .  Equation 6, defining t h e  normalized e f f e c t i v e  c o l l i s i o n  frequency, represents  
an average of t h e  t o t a l  normalized electron heavy p a r t i c l e  momentum t r a n s f e r  c o l l i s i o n  
frequency and i s  a function of e l ec t ron  temperature and degree of ion iza t ion  alone. 
It should be noted that t h i s  normalized e f f ec t ive  c o l l i s i o n  frequency is  not the  
simple average of c o l l i s i o n  frequency over t h e  ve loc i ty  d i s t r i b u t i o n  but r a t h e r  i s  
the average of the rec iproca l  sum of mcxnentum t r a n s f e r  c o l l i s i o n  frequencies repre- 
sent ing s p e c i f i c a l l y  t h e  over-al l  r e s i s t i v e  e f f e c t  of momentum t r a n s f e r  co l l i s ions  on dc 
currentflow. This c o l l i s i o n  parameter, if known as a function of e l ec t ron  t e m p e r a -  
ture and degree of ionizat ion,  would be extremely use fu l  i n  t h e  ca lcu la t ion  of dc 
L I a A l D y u L  L J+ W p c A  bLC.3 L A  yluuurc lP P P L L I J  , .  t L  &G&&.I"G Gk I, 6;::; Li:G:;-;s. 

Equation 5 relates t h e  e f fec t ive  e l a s t i c  electron-ion momentum t r a n s f e r  
c o l l i s i o n  frequency t o  a n  electron-ion co l l i s ion  c ross  sec t ion  which represents  the  
co l l ec t ive  e f f e c t s  of electron-ion in te rac t ions .  I s o l a t e d  coulomb c o l l i s i o n s  i n  a 
plasma cannot be physically distinguished because of the long range of t h e  coulomb 
force f ie ld .  However, as an approxination, a two-body coulomb c o l l i s i o n  term can 
be derived c l a s s i c a l l y  i n  which sca t te r ing  i s  l imi t ed  t o  p a r t i c l e s  within a Debye 
sphere about t he  tes t  charge. 
t e g r a l  describing the e f f e c t i v e  electron-ion momentum t r a n s f e r  cross  sec t ion  and 
reasonably accounts f o r  t he  shielding e f fec t  which results i n  the necessar i ly  f i n i t e  
value f o r  t h e  c ross  sect ion.  The der ivat ion of t h e  e f f ec t ive  electron-ion c o l l i s i o n  
term presented i n  d e t a i l  i n  Refs. 13 and 15 reduces t o  t h e  following expression: 

This procedure e l imina tes  the divergence of t h e  in-  

where eo is  the  permi t t iv i ty  of f r e e  space. 
constants and after consideration of t h e  experimental range of e l ec t ron  temperatures 
and d e n s i t i e s  covered i n  t h i s  invest igat ion,  Eq. 7 becomes 

Upon subs t i t u t ion  of the  appropriate 

- 5 -  
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I where 6(Te) i s  approximately one and results from the  lcgarithmic term i n  Eq. 7.  
Equation 8 i s  p lo t t ed  i n  Fig. 2 f o r  two t y p i c a l  e lec t ron  temperatures. 
representat ion of the ef fec t  of electron-ion in te rac t ions  by Eqs. 7 and 8 is 
adequate f o r  the purpose of t h i s  investigation, s ince electron-ion e f f e c t s  never 
dcaninate i n  the range of plasma conditions encountered i n  t h i s  experiment. 

The 

I 

I Diffusion Dominated Arc Discharge Plasma - 
I I n  the  ana ly t i ca l  developnent leading up t o  Eq. 6, it was assumed that 

the plasma was homweneous. I n  the  case of the  cy l ind r i ca l  cesium arc discharge, 
it is  assumed t h a t  axial and circumferential  uniformity e x i s t s  and that the  only 
gradient i n  the r a d i a l  d i rec t ion  i s  the  e lec t ron  densi ty  va r i a t ion  resu l t ing  from 
p a r t i c l e  d i f fus ion  t o  the wal ls  of the discharge tube. Because there  a r e  no s ig -  
n i f i can t  plasma gradients  i n  t h e  direct ion of discharge current flow, the  plasma 
behaves as though it were hmcgeneous, and a simple averaging process can be used 
t o  account f o r  the radial va r i a t ion  i n  discharge current density caused by the 
d i f fus ion  gradient  i n  e lec t ron  density. When the radial va r i a t ion  i n  the degree 
of ion iza t ion  is considered, Eq. 2 becmes 

Pa3 m.12 -- 
J ( r ) =  - 8 - a(r )e2  ( - m ,"d v 3 e  2kTe dvE ( 9 )  

3 f i  m 2 kTe Qe,(V)+CZ(r)Q,i(V) 

where the form re l a t ing  the co l l i s ion  frequency t o  cross sect ion (Eq. 5 )  has been 
used. 
exists, the current flow through a cross sec t iona l  area of the discharge tube i s  
given by 

Since it is  assumed that circumferential  uniformity i n  plasma propert ies  

R 
I = 2-rr J J(r )  r dr , (10) 

0 

where 1 is  the discharge current and R the tube radius .  
radial va r i a t ion  i n  degree of ionizat ion can be reasonably represented by a parabola 
of the  form 

If it i s  assumed t h a t  t he  

- 6 -  



where a. is the  degree of iwdza t ion  on the  tube axis, and this  form i s  then used 
i n  Eqs. 9 and 10, the  t o t a l  discharge current becmes 

Since r and v are independent, the  radial in tegra t ion  can be performed, and Eq, 12 
reduces t o  

Once again an e f fec t ive  c o l l i s i o n  frequency can be defined from t h e  re la t ionship  
between current  flow and e l e c t r i c  f i e l d  in tens i ty ,  i.e., 

Solving f o r  t he  e f f ec t ive  c a l l i s i o n  frequency defined by Eqs, 13 and 14 and normal- 
iz ing  with respect t o  atm densi ty  yields  

,rn .. 
m v- ._ -- 

*-I- 16 ( rn ) Y v 3 e 2 * T .  
3Jir  2kTe (10 Qei (v )  

This expression, l ike  Eq. 6 

.- 1 

f o r  the homo@;eneous case, represents  t he  normalized 
average of t h e  t o t a l  e lec t ron  heavy pa r t i c l e  momentum transfer c o l l i s i o n  frequency, 
with the exception that i n  Eq. 15 s p a t i a l  averaging has been performed t o  account 
f o r  the radial dependence of t h e  electron-ion contr ibut ion t o  the over-al l  resist- 
ance t o  discharge current flow. 

It is  apparent from EQ. 15 t ha t  knowledge of t h e  normalized e f f ec t ive  
c o l l i s i o n  frequency dependence on electron temperature and degree of ionizat ion 
could lead t o  infomat ion  per ta ining t o  the electron-atom cross  sec t ion  which 
appears i n  the integrand of the in tegra l .  An extensive numerical analysis  of 
t r i a l  functions f o r  t he  e l ec t ron -a tm cross sect ion has been ca r r i ed  out based 
on the  experimental i n f o m t i o n  obtained frcm this invest igat ion.  The r e s u l t s  
of that ana lys i s  are presented i n  Section 6. 

The normalize6 e f f ec t ive  co l l i s ion  frequency of Eq. 15 can be r e l a t ed  
t o  the  measurable p rame te r s  
t h e  perfect  gas r e l a t ionsh ip  

of the cesium discharge plasma from Eq. 14. Using 



P n o  = -  
kTg ' 

where 

P - cesium vapor pressure 
Tg - cesium vapor temperatmy 

the following e q r e s s i o n  f o r  the effect ive c o l l i s i o p  frequency can be obtained: 

* -  
Veff - 

Equation 17 was used t o  determine 

2 
(17) 

e2k T R   ne,^ 
2 m  (PITg) I 

experimentally the normalized e f f ec t ive  c o l l i s i o n  

-- . 

frequency f rmu measurements of electron density,  e l e c t r i c  f i e l d  in t ens i ty ,  gas pres- 
sure and temperature, and d i s c h a q e  current. 

3. Description of t he  Experiment and Diagnostic Techniques 

Discharge Tube 
__1 

The labora tom Dlasma uspd i n  t . h i s  invPs+.izn+ir\n ?me +ha n n c i f i v n  n n l r r m n  4 . - - - - -  - 
of a cesium a r c  discharge. 
t i o n  w a s  used t o  describe the  a rc  discharge plasma which has propert ies  i n  the 
ranges of p r a c t i c a l  i n t e ree t  and which i s  more su i tab le  f o r  laboratory diagnosis 
than cesium plasma devices such a$ the  themion ic  converter. 
pressures  
temperature i n  the  pos i t ive  column varied from approxlmately 2500 t o  4500%, t he  
e l e c t r i c  f i e l d  from 0.2 t o  0.6 volts/cm, the e lec t ron  densi ty  from 10l1 t 9  3 x 10 
elec/cc, and the degree of ionizat ion from approximately 3 x loL4 t o  3 x 10-3. 

"he theore t ica l  analysis  presented i n  the  previous sec- 

For moderate cesium 
t o  10-1 mm Hg) and a r c  currents  (0.3 t o  1.5 amps), the  e lec t ron  

12 

O f  the  parameters i n  Eq. 17 required t o  obtain experimentally the  normal- 
ized  e f fec t ive  c o l l i s i o n  frequency, t h e  e lec t ron  densi ty  and temperature a re  the  
two most d i f f i c u l t  t o  measure. Various plasma diagnostic techniques a r e  available;  
however, t he  most p r a c t i c a l  f o r  obtaining these pa r t i cu la r  plasma propert ies  i s  the  
e l e c t r o s t a t i c  probe. From an analysis  of t he  current-voltage cha rac t e r i s t i c s  of an 
e l e c t r o s t a t i c  probe, the e lec t ron  temperature and densi ty  can be determined and the  
assumption regarding the  equilibrium dis t r ibu t ion  of e lec t ron  energies ve r i f i ed .  
I n  addi t ion,  the  e l e c t r i c  f i e l d  can be determined from plasma po ten t i a l  measurements 
made with probes posit ioned ax ia l ly  along the  pos i t ive  column. A high degree of 
s p a t i a l  resolut ion can be rea l ized  w i t h  e l e c t r o s t a t i c  probes, and they can be moved 
from point t o  point i n  the  plasma t o  measure l o c a l  conditions.  

- 8 -  
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A s  a check on the  poten t ia l  measurements made with e l e c t r o s t a t i c  probes and 
on t h e  discharge current measurements, rf conductivity probes have been used t o  meas- 
ure the  plasma conductivity. With t h i s  technique a s m a l l  probing rf c o i l  i s  inser ted  
i n  t h e  plasma. 
t h e  plasma which behaves as a lossy medium f o r  t he  rf power, loading the  c o i l  t o  a.n 
extent  determined by the  plasma conductivity. 
d i ss ipa ted  can be d i r ec t ly  r e l a t ed  t o  t h e  plasma conductivity. 
provide an independent check on the  experimentally determined r a t i o  of current den- 
s i t y  t o  e l e c t r i c  f i e l d  in tens i ty ,  A description of t he  rf probe and i t s  associated 
instrumentation i s  presented i n  Refs. 16 and 17. 

I The magnetically induced rf e l e c t r i c  f i e l d  of the  c o i l  penetrates i n t o  

Therefore, a measurement of the  power 
These measurements 

I 

A photograph of a typ ica l  discharge tube i s  shown i n  Fig. 3. Cathode-to- 
anode separation i n  t h i s  tube is  50 cm, and the  inside diameter i s  3 . 8 . ~ ~ .  The 
cathode, a 1.25 cm i n  diameter tantalum tube, received heat i nd i r ec t ly  from a tung- 
s t en  filament positioned within the  tantalum tube which provided a separate vacuum 
chamber f o r  t h e  filament, i so la t ing  it from the  plasma. Ceramic spacers prevented 
e l e c t r i c a l  contact between the  cathode and heater  which was b i f i l a r  wound i n  order 
t o  e f f ec t ive ly  cancel t h e  magnetic f i e l d  resu l t ing  from the  flow of current through 
t h e  heater. The e l e c t r o s t a t i c  probe sidearm assemblies shown i n  the photograph are 
constructed i n  such a way t h a t  t h e  probes, which protrude-through a small hole i n  
t h e  w a l l  of t he  discharge tube, could be moved r ad ia l ly  i n t o  the  plasma by means of 
a magnet. The probes were constructed of 0.010-in. diameter tungsten rod covered 
with a g l a s s  sheath which served as an e l e c t r i c a l  insu la tor .  The e n t i r e  assembly 
averaging 0.018 i n .  i n  diameter was ground f lat ,  exposing only the  0.010-in. tung- 
s t en  t i p  t o  t h e  plasma, Great care was exercised i n  the  fabr ica t ion  of t h e  elec- 
vIvuvuvIL +ILv7LcD 

of t he  probe (co l lec t ion  area) exposed t o  the  plasma was both f la t  and f lu sh  with 
the  g l a s s  insulat ion.  The probe t ips  were per iodical ly  examined with a microscope 
at operating temperature i n  the  discharge tube so  t h a t  any f l a w  could be detected. 
A schematic of the  moveable probe and sidearm assembly i s  shown i n  Fig. 4. 

I - - - - - L  . L _ .  
U L & ~  I,U w i e  h e m  as s m a l l  as possible and so t h a t  t h e  t i p  

During operation the  tube was located within a dual oven assembly which 
control led the  gas temperature and prevented cesium from condensing on t h e  tube 
walls. The cesium appendix shown i n  Fig. 3 extends down t o  t h e  lower portion of 
t h e  oven, which was always held at a lower temperature than the  main oven i n  or- 
der  t o  cont ro l  t he  cesium vapor pressure. The cesium pressure was determined from 
t h e  cesium vapor pressure curve of Ref .  18 and i s  a strong function of temperature. 
Consequently, s t a b i l i z a t i o n  and control of t he  temperature i n  the  pressure control  
oven containing the  cesium reservoi r  was c r i t i c a l .  
-ihich>-as var ied f rom 150 t o  2OO0C i n  order t o  achieve the  range of pressures of 
interesr; , was control led by a temperature s t a b i l i z a t i o n  c i r c u i t  capable of holding 
t h e  oven temperature t o  within 1/2OC, equivalent t o  a pressure va r i a t ion  of ap- 
proximately The sensing element f o r  t h e  c i r c u i t  was a commercially 
avai lable  platinum wire r e s i s t o r  positioned i n  c lose contact with the  l i qu id  cesium 
i n  the  appendix. 
grade laboratory thermometers which were ca l ibra ted  by t h e  manufacturer against  

The temperature i n  t h i s  oven, 

2 per cent. 

Cesium reservoi r  temperature was measured with two precision 

- 9 -  
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a standard t h a t  has been ca l ibra ted  at the NBS. These thermometerswere c e r t i f i e d  
accurate  t o  Temperature gradients inside t h e  oven were e f f ec t ive ly  e l h i -  
na ted  by c i rcu la t ing  the  a i r  with a fan.  
thermocouples were secured t o  the  g lass  wall of the  discharge tube. A thermocouple 
posi t ioned i n  a s m a l l  w e l l  on the  tube axis and one posit ioned near t h e  ins ide  wall 
of the  tube ve r i f i ed  t h a t  the a r c  did not cause s ign i f i can t  heating of the gas. 

1 / 8 O c .  
I n  order t o  determine the  gas  temperature, 

I 

Figure 5 shows a tube designed f o r  use with the  rf conductivity probe. 
The conductivity probe shown i n  the  figure was inser ted  a x i a l l y  through a hole i n  
t h e  anode i n  order t o  take advantage of the  common spnmetry of t he  probe, rf f ie lds ,  
and the  plasma. 
t r o s t a t i c  probes w e r e  posit ioned i n  the region of t he  conductivity probe s o  t h a t  
t he  e l e c t r i c  f i e ld  could be determined i n  the  port ion of t he  discharge tube occu- 
pied by the  probe w e l l .  D u r i n g  operation t h e  rf c o i l  was posit ioned along the  tube 
axis at t h e  midpoint between t h e  two e l e c t r o s t a t i c  probe locat ions shown i n  Fig. 6. 
The probe c o i l  shown i n  t h i s  photograph contained approximately 20 tu rns  of 0.010-in. 
gold wire wrapped i n  t h e  grooves of a threaded g l a s s  sleeve; t h e  c o i l  was 0.25 in .  
long. 

Figure 6 i s  a de ta i led  view of t he  anode area of t h i s  tube. Elec- 

I 

Elec t ros t a t i c  Probe Measurements 

The e lec t ron  temperature, e lectron density,  and plasma po ten t i a l  var ia-  

A pulsing sys t em was u s e d t o  apply a cleaning pulse, sweep voltage o r  data 
t i o n s  i n  t h e  discharge have been measured using pulsed, e l e c t r o s t a t i c  probe tech-  
niques. 

of t h e  probe pulse could be var ied independently. 
appl ied t o  t h e  probe with t h i s  system ranged from approximately 100 microseconds t o  
100 mill iseconds.  
d i t i ons ,  e r r o r s  due t o  c i r c u i t  and plasma response l imi ta t ions ,  and t h e  e f f e c t  of 
plasma drift o r  i n s t a b i l i t y  could be detected. 
sweep speed and appl ied voltage i n  t h i s  manner i s  de t a i l ed  i n  Refs. 19 and 20. 

acau i s i t i on  Dulse, and rent vnlfagn f n  +he =----, --,.I..-* +L- &:-- U u ~ u u J - u ~ ~  v; cucii p u r b i o ~ i  

The time scale  of t h e  t o t a l  pulse 

With such v e r s a t i l i t y  t h e  e f f e c t  of changing probe surface con- 

The importance of being able t o  vary 

Since t h e  physical presence of t h e  probe may s ign i f i can t ly  per turb the 

I n  order t o  check on pos- 
plasma, as out l ined i n  R e f .  21, e r r o r s  i n  t h e  determination of e lec t ron  densi ty  
f rm probe measurements can be r e l a t ed  t o  probe size.  
s i b l e  per turbat ions of t he  plasma resulting from the  presence of t h e  e l e c t r o s t a t i c  
probes, a spec ia l  discharge tube was constructed which contained probes of a sig- 
n i f i can t ly  l a rge r  s i z e  than t h e  0.010-in. diameter probes described previously. 
Incorporated i n  t h i s  tube were three  0.010-in. diameter and two 0.0315-in. diame- 
t e r  e l e c t r o s t a t i c  probes a l t e r n a t e l y  positioned along the  tube axis. The l a rge  
probes occupied a volume about th ree  times as l a rge  as the  s m a l l  probes and had 
a co l l ec t ion  area approximately t e n  times l a rge r .  
t i r e  range of cesium pressures and a r c  currents used i n  t h i s  inves t iga t ion  ir.di- 
cated no s ign i f i can t  va r i a t ion  of e i t h e r  e lec t ron  densi ty  o r  temperature with 
probe s i ze .  The g rea t e s t  discrepancy i n  the  e lec t ron  density,  as determined with 
t h e  la rge  and s m a l l  probes, was 20 per cent at the  highest  cesium pressure.  

Measurements made over t h e  en- 

On 
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t he  bas i s  of these r e su l t s ,  it was concluded t h a t  the  small 0.010-in. diameter probes 
did not perturb the  plasma f o r  t he  conditions encountered i n  these measurements. 

Conductivity Probe Measurements 

Conductivity probing techniques have been used as a- check on t h e  measurement 
of t he  r a t i o  of current density t o  e l e c t r i c  f i e l d  in t ens i ty  (an average conductivity).  
This r a t i o  was determined f rom measurements of t he  plasma f loa t ing  poten t ia l  along the 
tube axis and t h e  current flowing through the  plasma. The rf probe detects  t he  con- 
duc t iv i ty  i n  i t s  immediate v i c i n i t y  by diss ipat ing a very small amount of rad io  f re-  
quency (10 mc) power i n  t h e  plasma. 
by observing t h e  r e s i s t i v e  loading of a sens i t ive  osc i l la tor -de tec tor .  
then compared with a ca l ibra t ion  curve obtained by placing the  probe i n  a va r i e ty  of 
s a l t  solut ions having known conductivit ies.  From such a comparison the  conductivity 
of t he  plasma was determined. A t yp ica l  ca l ibra t ion  curve i s  shown i n  Fig. 7. Probes 
of t h i s  type are very sens i t ive  t o  temperature change and must be temperature corrected 
by determining the  amount of energy diss ipated i n  known r e s i s t i v e  loads a t  t h e  t e m p e r a -  
tures t h e  probes w i l l  encounter i n  operation (200 t o  3OOOC).  The amount of energy d i s -  
sipated at  operating temperature was then compared t o  the  amount diss ipated at room 
temperature f o r  a fixed r e s i s t i v e  load. From t h i s  information a temperature correct ion 
w a s  applied t o  the salt solut ion cal ibrat ion curve so t h a t  temperature e f f e c t s  could 
be dis t inguished from those due t o  real power d iss ipa t ion  i n  t h e  plasma. I n  order t o  
m a k e  a v a l i d  comparison of the  data  obtained by the  two methods, t he  manner i n  which 
the  r a d i a l  va r i a t ion  of t he  conductivity was weighted by each measuring technique has 

u u A A u A - ~ d L u .  ,,AuLLL~iLy ubiaiiiru ir-uru t i e  1ioaT;ing po ten t i a l  and discharge 
current measurements was a simple average of t he  r a d i a l  conductivity var ia t ion ,  whereas 
t h e  conductivity obtained f r m  t h e  rf probe measurements was weighted by the  square of 
t h e  rf e l e c t r i c  f i e l d ,  A comparison of the two techniques has been made by numerically 
integrat ing the  appropriate averages f o r  a c l a s s  of functions representat ive of t h e  
radial va r i a t ion  i n  plasma conductivity in  t h e  v i c i n i t y  of t he  probe w e l l .  Since the  
main plasma l o s s  mechanism m s  diffusion, t he  plasma conductivity was assumed t o  vary 
from a maximum value near t he  center  of the annular region occupied by the  plasma t o  
zero at  both t h e  w a l l  of t h e  probe wel l  and the w a l l  of the  main tube. With t h i s  as- 
sumption, t h e  in tegra t ion  describing both averages was then performed numerically. 
The r a t i o  of t h e  averages i s  a correction f ac to r  r e l a t ing  t h e  data obtained from t h e  
two conductivity measurement techniques. The correction f a c t o r  obtained i n  t h i s  man- 
ner  was approximately 1.1. A s l i g h t  modification of t h e  assumed r a d i a l  conductivity 
va r i a t ion  or of the  r a d i a l  dependence of the  rf e l e c t r i c  f i e l d  amounted t o  only about 
one or  two per cent,  and therefore ,  a r a t i o  f ac to r  of 1.1 w a s  used t o  compare t h e  data 
obtained using the two techniques. 

This weak in te rac t ion  with the  plasma was detected 
The loading was 

I.--- -__ -  :a---3 rm. 

Using the  rf conductivity probe, measurements of plasma conductivity 
 ere made as a f m c t i o n  discharge current and cesium pressure and compared t o  t h e  
average conductivity determined from t h e  r a t i o  of current densi ty  t o  e l e c t r i c  f i e l d  
in t ens i ty  as determined from the e l ec t ros t a t i c  probes. 
of conductivity as a function of a r c  current.  It can be seen t h a t  t he  agreement 

Figure 8 shows a t y p i c a l  p lo t  
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and it i s  required t h a t  1 -  

between t h e  two techniques was qui te  good, w i t h  the l a rges t  discrepancy (30 per cent) 
occurring at  low discharge currents .  The difference between the  two techniques was 
within the limits of experimental uncertainty of the  conductivity probe measurements, 
and therefore ,  it was concluded t h a t  the e l e c t r i c  f i e l d  as  determined from f loa t ing  
p o t e n t i a l  measurements made with the  e l e c t r o s t a t i c  probes was correct .  

I 4. Verif icat ion of Assumptions 

I 

: 
During the  course of the  theo re t i ca l  analysis  describing the plasma model, 

which was t o  be representat ive of the  laboratory plasma, several  r e s t r i c t i n g  assump- 
t i o n s  were made which require  some jus t i f i ca t ion  i f  the  model is  t o  be considered 
reasonable. 

Spherical  Symmetry -- of the  Distr ibut ion Function 

I n  the  s e r i e s  expansion of the  e lec t ron  ve loc i ty  d i s t r ibu t ion  function, it 
has been assumed that small deviations from spherical  symmetry a re  described adequately 
by t h e  second term i n  the  expansion. That is ,  the anisotropy of t he  d i s t r i b u t i o n  func- 
t i o n  due t o  the  net  flow of current was assumed t o  be small. This i s  equivalent t o  t h e  
requirement t h a t  t he  average dr i f t  veloci ty  of t he  electrons must be small compared t o  
t h e i r  thermal speeds. For the  range of operating conditions of t h i s  experiment, t h i s  
condition w a s  s a t i s f i e d  as can be seen from the  following r e l a t ions .  The current den- 
s i t y  i s  r e l a t e d  t o  the average d r i f t  veloci ty  by 

J =  n e  e (vJ , (18) 
V 

where (VdlV i s  the  drift  ve loc i ty  averaged over all e lec t ron  v e l o c i t i e s .  Frau 
Eqs. 3 and 18 it i s  apparent t h a t  the  d r i f t  ve loc i ty  i s  given by 

e E  
('d>, = mf 

The most probable veloci ty  f o r  a Maxwellian d i s t r ibu t ion  i s  
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For t he  experimental var ia t ions  of e l ec t r i c  f i e l d  in tens i ty ,  e f f ec t ive  co l l i s ion  f re-  
quency and electron temperature encountered i n  t h i s  expriment ,  t h i s  r a t i o  was approxi- 
mately 0.05 and var ied very l i t t l e  about t h i s  value. 
expansion f o r  the d i s t r ibu t ion  function is  adequate. 

Consequently, t he  first order 

ContriSutions t o  Electron Heavy Par t ic le  Col l is ion Frequency - 
The assumption t h a t  t he  only s ignif icant  contribution t o  the  ve loc i ty  depend- 

en t  momentum t r ans fe r  co l l i s ion  frequency comes f rm e l a s t i c  electron-atom and electron- 
ion co l l i s ions  is  a l s o  reasonable. For the electron temperatures encountered i n  t h i s  
invest igat ion,  the  contribution t o  the  t o t a l  momentum t r a n s f e r  co l l i s ion  frequency from 
i n e l a s t i c  co l l i s ions  must be approximately two orders of magnitude less than t h a t  due 
t o  e l a s t i c  e lectron heavy p a r t i c l e  col l is ions because of the  very small percentage of 
e lec t rons  having su f f i c i en t  energy t o  make an i n e l a s t i c  co l l i s ion  with a cesium a t m .  
Mutual e lec t ronic  in te rac t ions  cannot al ter the momentum of the e lec t ron  gas d i r ec t ly ,  
s ince the t o t a l  change of mmentum i n  such encounters must be zero. Although electron-  
e lec t ron  co l l i s ions  can influence the  rate  of e lec t ron  heavy p a r t i c l e  co l l i s ions  by 
a l t e r i n g  the anisotropic pa r t  of the  d is t r ibu t ion  function, the resu l tan t  change i n  
the e f f ec t ive  co l l i s ion  frequency has been found t o  be only about 4.0 per cent f o r  the 
case of a f u l l y  ionized plasma which would represent t he  extreme case.22 
f o r  t h e  degrees of ionizat ion encountered i n  t h i s  invest igat ion 
e f f e c t  must be small. 

Therefore, 
t o  10-3), t h i s  

Form of the  Distr ibut ion Function --- 

A knowledge of the form of the  i so t ropic  par t  of the ve loc i ty  d i s t r ibu t ion  
function i s  of prime importance. It has been assumed tha t  mutual e lec t ron  in te rac t ions  
are e f f ec t ive  i n  es tabl ishing a nearly Maxwellian d i s t r ibu t ion  of e lec t ron  ve loc i t i e s .  
T h i s  assumption i s  reasonable f o r  t he  degrees of ionizat ion encountered i n  t h i s  inves- 
t i ga t ion ,  as can be shown by the  following analysis .  The rate of energy input t o  t h e  
e lec t rons  f rm the e l e c t r i c  f i e l d  must be balanced by the  rate of i n e l a s t i c  e lectron 
energy loss, which i s  the  dminant  energy loss mechanism i n  the cesium arc discharge. 
Therefore, as energy is  supplied t o  the electrons residing i n  t h e  body of t he  ve loc i ty  
d i s t r ibu t ion  by the e l e c t r i c  f i e l d ,  it must be red is t r ibu ted  through e lec t ron  in t e r -  
ac t ions  i n  such a way as t o  replace t h e  losses  due t o  i n e l a s t i c  co l l i s ions  i n  t h e  t a i l  
of t he  d is t r ibu t ion .  I n  t h i s  manner the  process i s  maintained. A s  t h e  degree of ion- 
i za t ion  rises, the more frequent encounters between e lec t rons  tend t o  dr ive the d is -  
t r i b u t i o n  function towards Maxwellian. The t r a n s i t i o n  i n  the  d i s t r ibu t ion  from t h a t  
cha rac t e r i s t i c  of a weakly ionized gas t o  a Maxwellian d i s t r ibu t ion  OCCUTS over sev- 
eral  orders of magnitude i n  degree of ionization. However, an indicat ion of the l i k e l i -  
hood of the existence of a Maxwellian d is t r ibu t ion  can be obtained by comparing the 
approximate r a t e  of e lec t ron  energy exchange for a Maxwellian d i s t r ibu t ion  t o  the  
rate of energy input frm t h e  e l e c t r i c  f i e ld .  ,An approximate expression f o r  the rate 
of energy exchange among the  electrons of a Maxwellian d i s t r ibu t ion  i s  
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*-ere Uth i s  the energy corresponding t o  t he  most probable e lec t ron  speed and T~~ 
i s  an electron-electron relaxat ion r a t e  cha rac t e r i s t i c  of t he  time required f o r  an 
e lec t ron  t o  approach the  average energy of t he  distribution.13 The rate of energy 
input from the f i e l d  i s  given appro-tely by the r a t i o  of t h e  average d r i f t  en- 
ergy t o  t h e  average relaxat ion time of the d r i f t  energy; i.e., 

'd 

It i s  required t h a t  

' th ' tee  ,, , 
'd 'reft 

(23 )  

For the ranges of e lec t ron  temperature, e lectron density, electric f i e l d  in tens i ty ,  
and e f f ec t ive  co l l i s ion  frequency encountered i n  t h i s  experiment, t h i s  r a t i o  var ied 
from approximately 10 t o  100. This indicates  that the rate at which t h e  electrons 
of a Maxwellian d i s t r ibu t ion  could replenish t h e  lo s ses  due t o  i n e l a s t i c  co l l i s ions  
i r i  L i i e  iikii e i ie rgy  Laii 01 m e  veioci-cy ais t r iDution g rea t ly  exceeds the rate a t  
which these losses  occur. Therefore, it i s  reasonable t o  assume t h a t  t he  d is t r ibu-  
t i o n  funct ion was Maxwellian f o r  t he  body of s l o w  electrons responsible f o r  t h e  
t ransport  propert ies  i n  the plasma. 
occur i n  t h e  v i c i n i t y  of the first exci ta t ion leve l ,  1.38 e V  f o r  cesium. However, 
t h e  t r i a l  function analysis  ( t o  be discussed i n  Section 6)  has shown that,  f o r  t h e  
range of e lec t ron  temperatures encountered i n  t h i s  invest igat ion,  t h e  exact form of 
the  various terms i n  the  integrand of the i n t e g r a l  equation describing Y& (Eq. 15) 
i s  of l i t t l e  importance f o r  e lectron energies g rea t e r  than about 0.7 eV and has almost 
no e f f e c t  f o r  energies g rea t e r  than 1 eV.  It i s  f o r  t h i s  reason that t h e  c o l l i s i o n  
probabi l i ty  ve loc i ty  s t ruc ture  cannot be determined above about 0.6 eV (Section 6). 
The l i n e a r  behavior of the  semilog p lo ts  of t h e  e l e c t r o s t a t i c  probe current-voltage 
cha rac t e r i s t i c  i s  expr imen ta l  ver i f ica t ion  of t h e  existence of a Maxwellian d i s t r ibu -  
t i o n  of ve loc i t i e s ,  at least f o r  the s low moving electrons i n  t h e  body of the d i s t r i -  
bution. 
existance of a Maxwellian d i s t r ibu t ion  over approximately one and a half  decades i n  
probe current .  
10 microamps) were random i n  nature and due t o  t h e  limits of s e n s i t i v i t y  of the system. 

Deviations from the  Maxwellian form probably 

A t y p i c a l  probe curve (Fig. 9 )  exhibi ts  t h e  l i n e a r  behavior indicat ive of t h e  

Deviations from l inea r i ty  at the  low probe currents  (approximately 
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Spacial  Variation - of Plasma Prope r t i e s  

The approximation of the r ad ia l  var ia t ion  of t he  degree of ionizat ion by a 
parabola has been ve r i f i ed  experimentally. I n  a diffusion dominated plasma the  elec- 
t r o n  densi ty  would be expected t o  f a l l  from a maximum on the  tube axis t o  very nearly 
zero as the tube w a l l  i s  approached. If the rate of e lectron production i s  d i r e c t l y  
proportional t o  e lec t ron  density, t h e  rad ia l  p ro f i l e  would follow a zero-order Ekssel 
function. 
e l e c t r o s t a t i c  probes over a l l  ranges of discharge current and pressure. A t yp ica l  
plot  of t he  r a d i a l  density p ro f i l e  is shown i n  Fig. 10 f o r  various arc  currents  
where a comparison i s  made with both the lowest order Bessel function and the assumed 
parabolic form. It i s  apparent f rm t h i s  figure t h a t  the  assumption of a parabolic 
r a d i a l  dependence f o r  t h e  electron density and consequently the  degree of ionizat ion 
was sa t i s f ac to ry .  The e lec t ron  temperature determined frm the r a d i a l  measurements 
showed no s igni f icant  dependence on rad ia l  posi t ion.  The ve r i f i ca t ion  of the exist- 
ence of the diffusion p ro f i l e  i n  e lectron densi ty  and the  symmetry of the density 
p ro f i l e  with respect t o  t h e  tube center  l i n e  are fur ther  evidence t h a t  t h e  e lec t ro-  
s ta t ic  probes are not perturbing the  plasma. 

Radial measurements of electron densi ty  have been made with the  moveable 

The Bessel function i n  F i g .  10 seems t o  be a s l i g h t l y  b e t t e r  f i t  t o  the 
data than t h e  parabola. However, use of the Bessel function rather than the parab- 
o la  i n  the ana lys i s  of Section 2 would r e su l t  i n  an unnecessary cmpl i ca t ion  of t h e  
mathematics. A correct ion f ac to r  could be used t o  a l ter  the parabolic form so that 

~uu-cuI ~ v c : I ~ c  LLc NL&V;~S CUG L i l t :  Lebb c u v e  biiruue;ii Gxie  aar;a wouia D e  %ne 
same. However, t h i s  correct ion would be s m a l l  and w e l l  within t h e  l i m i t s  of experi-  
mental uncertainty.  Consequently, since nothing meaningful would be gained by mak- 
i n g  such a correction, t he  parabolic form of Eq. 11 was used i n  the calculat ions of 
t he  normalized e f f ec t ive  co l l i s ion  frequency. 

L,-. ... 7 .  _ _ I  - 

The axial uniformity of plasma propert ies  was v e r i f i e d  from measurements 
made with e l e c t r o s t a t i c  probes positioned a x i a l l y  along t h e  discharge column. 
Measurements made over a l l  discharge conditions ind ica te  no s igni f icant  a x i a l  
gradients  i n  plasma propert ies .  
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5. Measurements and Results 

Typical measurements were conducted with cesium pressure and discharge cur- 
r en t  as independent experimental var iables .  A l l  o ther  plasma proper t ies  a re  estab- 
l i s h e d  by f ix ing  these two parameters and t h e  temperature of t h e  gas .  
mentally determined plasma propert ies  f o r  a t y p i c a l  t es t  run are presented i n  Figs. 11 
t o  14. Figure 11 presents  t h e  e l ec t ron  temperature determined from the  slope of t h e  
semilog current-voltage cha rac t e r i s t i c s  of t h e  e l e c t r o s t a t i c  probes as a function of 
discharge current  and cesium pressure. A s  can be seen from the  f igure ,  t h e  e l ec t ron  
temperature i s  r a t h e r  insens i t ive  t o  pressure but i s  a r a t h e r  s t rong function of dis- 
charge cur ren t ,  pa r t i cu la r ly  f o r  low currents. 
range i s  covered i n  these  measurements with t h e  e l ec t ron  temperature varying from 
approximately 2500 t o  4500%. The var ia t ion  of e l e c t r i c  f i e l d  i n  t h e  plasma w i t h  
discharge current  and pressure i s  shown i n  Fig. 12. 
f l o a t i n g  p o t e n t i a l  obtained with probes positioned along t h e  axis of t h e  tube and 
from a knowledge of t h e  spacing between probes, t he  e l e c t r i c  f i e l d  i n t e n s i t y  was 
ca lcu la ted  and found t o  vary from about 0.2 t o  0.6 volts/cm. The e l e c t r i c  f i e ld ,  
which suppl ies  energy t o  the  e lec t ron  gas, has the  same q u a l i t a t i v e  behavior with 
cur ren t  and pressure as t h e  e lec t ron  temperature. The e l ec t ron  densi ty  i n  Fig. 13 
i s  t h e  value measured on t h e  axis of t h e  tube and exh ib i t s  a strong dependence on 
both discharge current  an2 pressure. From t h e  value of t h e  e l ec t ron  density, which 
v a r i e s  from about 10l1 t o  3 x lo1* electrons/cc, and the cesium atam density calcu- 
l a t e d  from t h e  per fec t  gas  l a w  (Eq. 16), t h e  degree of ionizationwas obtained and i s  
p lo t t ed  i n  Fig.  14. Note t h a t ,  although t h e  absolute  value of e l ec t ron  density in -  
c reases  w i t h  increasing Dressure, the  degree of i o n i x a t i n n  iiemenqes Repa11co nf 

t h e  r a d i a l  va r i a t ion  of e lec t ron  density and t h e  independence of atom density on 
tube radius ,  t h e  degree of ion iza t ion  var ies  r a d i a l l y  i n  t h e  same manner as t h e  
e l ec t ron  density (Fig. 10) . 

The experi- 

Approximately a 2000°K temperature 

From measurements of t he  plasma 

Expe riment a l l y  De t e mined  Effective Coll is ion Frequency 

Using t h e  r e l a t ionsh ip  of Eq.  17, t h e  normalized e f f e c t i v e  electron-cesium 
heavy p a r t i c l e  c o l l i s i o n  frequency has been determined over the  range of plasma va r i -  
ables from the  experimental data of several  tes t  runs, such as those i n  Figs. 11 t o  
14. Figure 15. presents t h i s  e f f e c t i v e  co l l i s ion  frequency as a function of e lec t ron  
temperature and degree of ion iza t ion  on the tube axis. The e f f e c t i v e  c o l l i s i o n  fre- 
quency data of t h i s  f i gu re  w e r e  obtained from two d i f f e r e n t  discharge tubes and sev- 
e ra l  e l e c t r o s t a t i c  probes posit ioned at  d i f f e r e n t  points  along the  tube axis .  I n  
s p i t e  of t h i s  va r i a t ion  i n  experimental conditions, t h e  s c a t t e r  i n  t h e  data poin ts  
i s  very s m a l l .  A s  i s  apparent frm Fig .  15, a c l ea r ly  defined t r end  i n  t h e  c o l l i -  
s ion  frequency exists with both e lec t ron  temperature and degree of ionizat ion.  Of 
p a r t i c u l a r  s ignif icance i s  t h e  strong dependence of e f f e c t i v e  c o l l i s i o n  frequency 
on e lec t ron  temperature. Moving along a constant degree of ionizat ion l i n e ,  t he  
e f f e c t i v e  c o l l i s i o n  frequency increases by a f a c t o r  of two over t h e  experimental 
temperature range. Also s ign i f i can t  i s  the  f a c t  t h a t  t he  c o l l i s i o n  frequency shows 
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Since the  experimental measurement of plasma propert ies  leads t o  a nor- 
malized e f f ec t ive  electron-cesium heavy p a r t i c l e  co l l i s ion  frequency (Fig. 15) , which 
i s  an average over all e lec t ron  ve loc i t ies ,  it i s  necessary t o  determine how the in- 
t e g r a l  (Eq. 15) describing t h i s  co l l i s ion  frequency behaves as a funct ion of e lec t ron  
temperature and degree of ionizat ion for  va r i a t ions  i n  t he  form of t h e  ve loc i ty  de- 
pendence of t h e  c o l l i s i o n  probabi l i ty .  Numerical in tegra t ion  techniques permit 
ana lys i s  of th i s  integrated behavior for  trial forms of the c o l l i s i o n  probabi l i ty  
ve loc i ty  dependence. I n i t i a l l y ,  various trial forms were se lec ted  on the bas i s  of 
bes t  es t imates  a s  t o  the  magnitude of the c o l l i s i o n  probabi l i ty  and on t rends  ob- 
served i n  experimental and t h e o r e t i c a l  data. Subsequently, hundreds of addi t iona l  
funct ions representing almost every reasonable magnitude and ve loc i ty  dependence i n  
the  range of i n t e r e s t  were numerically integrated,  yielding a va r i e ty  of hypothetical  
normalized e f fec t ive  co l l i s ion  frequency curves with e lec t ron  temperature and degree 
of ion iza t ion  as var iables .  This was done so t h a t  an accurate estimate of t h e  reso- 
l u t i o n  of t he  technique could be made and so  t h a t  t rends  i n  the experimental data  
could be understood and r e l a t ed  t o  the  type of cross-section behavior most l i k e l y  
t o  have produced them. 

a pronounced dependence on the degree of ionizat ion i n  the 
electron-ion e f f ec t s  i n  cesium plasmas a re  of ten neglected. 
s i t y  of including electron-ion e f fec ts  i n  the  theo re t i ca l  analysis  of t h e  plasma 
model becomes apparent. 

t o  range, where 
Consequently, the  neces- 

Although the  a r c  discharge used i n  t h i s  invest igat ion i s  e s s e n t i a l l y  f r e e  
from gradien ts  i n  the  d i rec t ion  of current flow, many p r a c t i c a l  cesium devices, such 
as the a rc  mode thermionic converter, have s igni f icant  var ia t ions  i n  plasma proper- 
t i es  along the  d i rec t ion  of e lec t ron  transport.23 Since t h e  e lec t ron  heavy p a r t i c l e  
c o l l i s i o n s  impede the  motion of electrons due t o  densi ty  and energy gradien ts  i n  much 
the  same fashion as i n  the  case of electron mobili ty due t o  e l e c t r i c  f i e l d s ,  it can 
be shown t h a t  the  equations r e l a t ing  plasma t ransport  propert ies  t o  tk ef fec t ive  
c o l l i s i o n  frequency can be expanded i n  more general  terms t o  include plasma nonuni- 
formi t ies .  When t h i s  is  done, the t h e m e t i c a l  i n t e g r a l  expressions f o r  e f f ec t ive  
c o l l i s i o n  frequency (Eqs. 6 and 15) appear i n  the  r e su l t i ng  gradient t e rns .  There- 
f o r e ,  t he  experimental determination of t he  e f f ec t ive  co l l i s ion  frequency (Fig. 15) 
i s  of considerable value when making calculations per ta ining t o  device performance , 
e t  al ,  s ince the  experimentally determined e f f ec t ive  c o l l i s i o n  frequency i s  equal t o  
t h e  i n t e g r a l  equation i t s e l f .  However, because of the experimental and ana ly t i ca l  
d i f f i c u l t i e s  encountered wnen working with cesium plamnas, p r i o r  t o  the  cmple t ion  
of t h i s  invest igat ion,  no other effect ive c o l l i s i o n  frequency measurements covering 
t h e  p r a c t i c a l  range of e lec t ron  tempra tures  and degrees of ionizat ion were ava i l -  
able .  

- 17 - 
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T r i a l  Function Technique - 
A s  an i l l u s t r a t i o n  of t h e  t r i a l  function technique, Fig.  16 presents four  

hypothetical  t r i a l  functions f o r  the  co l l i s ion  probabi l i ty .  These funct ions were 
chosen t o  represent s ign i f i can t ly  different ve loc i ty  dependent behavior i n  t h e  range 
of maximum s e n s i t i v i t y  of t h i s  experbnent; i.e., 0.3 t o  0.8,kV. I n  order t o  i l l u s -  
t ra te  t h e  differences i n  t h e  in tegra ted  values of such funct ions,  the  c o l l i s i o n  prob- 
a b i l i t y  curves of Fig. 16 were integrated using Eq. 1 5  and compared with t h e  experi- 
mental data of Fig. 15. This comparison i s  presented i n  Fig. 17. On Examination of 
t h i s  f i gu re ,  it i s  apparent t h a t  t h e  qua l i ta t ive  and quant i ta t ive  behavior of t h e  
normalized e f f ec t ive  c o l l i s i o n  frequency, over t he  range of e lec t ron  temperatures 
and degree of ionizat ion covered i n  t h i s  inves t iga t ion ,  i s  s ign i f i can t ly  dependent 
on t h e  magnitude and ve loc i ty  s t ruc ture  of t h e  c o l l i s i o n  probabi l i ty .  O f  the  fou r  
i l l u s t r a t i v e  examples treated, none exhib i t s  t h e  strong e l ec t ron  temperature depend- 
ence, coupled with the  uniform spacing with varying degree of ion iza t ion ,  of the ex- 
perimental e f f ec t ive  c o l l i s i o n  frequency data (dashed l i n e s  i n  Fig. 17). Even 
Curve B, which y i e lds  f a i r  agreement with t h e  experimental data f o r  t h e  lower e lec-  
t r o n  temperatures, results i n  e f fec t ive  c o l l i s i o n  frequencies which a re  low by 
approximately 50 per cent at  t h e  highertemperatures.  
c a l  and experimental data i n  Figs. 16 and 17 i s  i l l u s t r a t i v e  of t h e  comparative 
techniques used t o  analyze a wide var ie ty  of t r i a l  functions f o r  the  e lec t ron-  
cesium atm c o l l i s i o n  probabi l i ty .  However, it i s  worth repeating t h a t  i n  order 
t o  make a r e a l i s t i c  appra i sa l  of t h e  resolut ion i n  t h e  c o l l i s i o n  p robab i l i t y  ve- 
l o c i t y  s t ruc tu re  t h a t  could reasonably be expected, severa l  hundred t r i a l  funct ions 
have been numerically in tegra ted  and analyzed. 

The ana lys i s  of t he  numeri- 

Comparison of - Numerical and Experimental - D a t a  - 
Following t h e  procedures outlined i n  the  previous paragraphs, a p a r t i c u l a r  

c l a s s  of functions f o r  t he  ve loc i ty  dependent electron-cesium atom momentum t r a n s f e r  
c ross  sec t ion  has been found, which, when integrated,  gives  t h e  best f i t  t o  t h e  ex- 
perimental data of Fig. 15. The integrated value of t h i s  best es t imate  for the  cross  
sec t ion  i s  compared i n  Fig. 18 with tk experimental data. 
Fig. 18 are t h e  same s t r a i g h t  l i n e s  drawn through the  e f f ec t ive  c o l l i s i o n  frequency 
data of Fig. 15. It i s  apparent frm t h i s  f i gu re  t h a t  t he  quant i ta t ive  and qua l i -  
t a t i v e  agreement between theory and experiment i s  qui te  good. The slope of t h e  
e f f e c t i v e  c o l l i s i o n  frequency temperature dependence i s  exac t ly  duplicated by the 
t h e o r e t i c a l l y  calculated curve, and t h e  agreement between theory and. experiment f o r  
t he  parametric dependence on t h e  degree of ion iza t ion  i s  a l s o  very good. The maxi- 
mum discrepancy t h a t  does occur f o r  t he  highest degree of ion iza t ion  (24 x i s  
only 15  per cent, which i s  w e l l  within the l i m i t s  of uncertainty of t he  experiment, 
t he  t h e o r e t i c a l  model, and the  theore t ica l  form used t o  represent electron-ion e f -  
f e c t s .  The match between theory and experiment can be improved by decreasing the  
electron-ion tenniacQci ( v i  1 i n  Eq. 15 w i t n  a corresponding increase i n  t h e  e lec t ron-  
atom term Qoafv~.For example, a 25 per cent reduction i n  aoQci(~’at each ve loc i ty  
point f o r  a degree of ionizat ion of 6 x 

The dashed l i n e s  of 

when added t o  theQ?,c./,used i n  the  
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ca lcu la t ions  leading tc, tne numerical data of Fig. 18, r e s u l t s  i n  almost a perfect  
match between theory and experiment when 
12, and 24 x 10-4, using the modified electron-atom cross section. A var ia t ion  of 
25 per cent i n  .zOQ,i:i\ i s  k i t h  the  l imi t s  of uncertainty associated with t h i s  term, 
and therefore ,  addi t ior id  refinement of t h e  approximation f o r  Qeaw would not be 
meaningful. 

V:f i s  recalcnlated f o r  J~ equal t o  3, 

Election-Cesium Atom - Coil is ion Probabili ty 

Only one c l a s s  of functions f o r  the veloci ty  dependent c o l l i s i o n  probabil- 
i t y  y i e lds  the  agreement between theory and experiment described i n  the previous 
paragraph and shown i n  Fig. 18. 
( s o l i d  l i n e  i n  t h e  figure) as a function of e lec t ron  veloci ty .  
the  figure, the co l l i s ion  probabi l i ty  resulting i n  t h e  best agreement between theory 
and experiment i s  a strong function of e lectron veloci ty ,  r i s ing  from a minimum value 
of approximately 100 co l l i s ions  per cm per mm Hg i n  an e lec t ron  ve loc i ty  range cor- 
responding t o  0.4 t o  0.6 &V t o  a maximum over an order of magnitude larger a t  a 
ve loc i ty  i n  the  0.7 t o  0.8 &V range &ere the strong poss ib i l i t y  of a resonance 
i n  the c o l l i s i o n  probabi l i ty  exists. 
s ion probabi l i ty  a t  approximately 0.7fiV that produces t h e  strong e lec t ron  t e m -  
perature dependence of the e f f ec t ive  co l l i s ion  frequency. 
s i t i v i t y  below about 0 . 4 6 V  due t o  the f a c t  t h a t  f o r  lower e lec t ron  v e l o c i t i e s  
electron-ion in te rac t ions  begin t o  dminate  t h e  c o l l i s i o n a l  process fo r  the  de- 
grees of ion iza t ion  covered i n  t h i s  experiment. 

i n  the t a i l  of t he  e lec t ron  veloci ty  d is t r ibu t ion .  However, f o r  higher e lec t ron  
ve loc i t i e s  t h e  c o l l i s i o n  probabi l i ty  must maintain t h e  approximate magnitude in-  
dicated by the cross  hatched area  of the figure; t h i s  magnitude is  i n  agreement 
w i t h  that es tab l i shed  by Brode ' s  t o t a l  co l l i s ion  probabi l i ty  data. Although the 
c o l l i s i o n  probabi l i ty  veloci ty  s t ruc ture  cannot be prec ise ly  determined above a 
veloci ty  of about 0.8@, the magnitude above t h i s  l e v e l  s t i l l  c a r r i e s  w e i g h t  i n  
t h e  in tegra t ion  leading t o  the  e f fec t ive  c o l l i s i o n  frequency. For example, i n  
various t r i a l  in tegra t ions  resonances i n  the  co l l i s ion  probabi l i ty  with values 
i n  excess of 3000 co l l i s ions  per cm per xn Hg a t  an e lec t ron  ve loc i ty  of about 
lmwere used i n  the  calculat ion of the e f f ec t ive  co l l i s ion  frequency. 
funct ions f a l l  .within t h e  envelope defined by the  dashed l i n e s  i n  Fig. 19. 
envelope ind ica tes  t h e  limits of uncertainty i n  the  co l l i s ion  probabi l i ty  i n  var i -  
ous ve loc i ty  ranges; the manner i n  which the  envelope w a s  established i s  discussed 
i n  a subsequent paragraph. 

Figure 19 presents  t h i s  co l l i s ion  probabi l i ty  
As can be seen from 

It i s  t h i s  very rapid increase i n  t he  c o l l i -  

There is  a loss  of sen- 

A decrease i n  s e n s i t i v i t y  a t  t he  
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These 
This  

Hesolution of T r i a l  Function Technique 
e- 

The improvement of the resolution of t h i s  technique dge t o  the requirement 
t h a t  the theo re t i ca l ly  calculated e f fec t ive  co l l i s ion  frequency match the experimental 
e f f ec t ive  c o l l i s i o n  frequency behavior as a function of two var iab les  (e lec t ron  tern- 
perature and degree of ionizat ion) ,  ra ther  than the  usual s ing le  parameter (e lec t ron  
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temperature), can be seen f r m  t h e  f o l l o w i n g  example. 
t i v e  c o l l i s i o n  frequency f o r  very low degrees of ionizat ion ( a l l  electron-ion i n t e r -  
ac t ions  neglected) calculated f rm the  co l l i s ion  probabi l i ty  of Fig. 19 ( s o l i d  l i n e ) .  
If it i s  assumed t h a t  t h i s  represents  experimental data, another funct icn which will 
match t h i s  data reasonably w e l l ,  the  curve labeled b i n  Fig. 20B can be obtained by 
numerical analysis .  Both co l l i s ion  probabi l l ty  curves shown i n  the  f igu re  have t h e  
sme genera l  behavior (increasing with electron ve loc i ty)  and t h e  same average magni- 
tude,  but i t  i s  apparent t h a t  there  i s  a de f in i t e  l i m i t  t o  t he  exact amount of ve- 
l o c i t y  s t ruc tu re  t h a t  can be determined when the  experimental e f f ec t ive  co l l i s ion  
frequency i s  a funct ion of e lec t ron  temperature alone; i.e., f o r  very low degrees 
of ionizat ion.  The extremes of t h e  r e s u l t i n g  uncertainty are represented by t h e  
two c o l l i s i o n  probabi l i ty  curves of Fig. 20B, and together  they def ine the  envelope 
ind ica ted  by t h e  dot ted l i n e  i n  t h e  figure. The dDminant fea ture  of Curve a i s  i t s  
rap id  increase with ve loc i ty  at higher ve loc i t ies ,  while t h a t  of Curve b i s  its 
rapid decrease a t  lower ve loc i t i e s .  These fea tures  are of such a nature  as t o  
result i n  approximately the  same effect ive c o l l i s i o n  frequency behavior i n  the  
range of e lec t ron  temperatures of in te res t  i n  t h i s  invest igat ion when electron-ion 
e f fec ts  are ignored. However, when it is required t h a t  these  two funct ions s a t i s f y  
experimental data f o r  various degrees of ionizat ion,  th i s  places  addi t iona l  require- 
ments on the  exact ve loc i ty  s t ruc ture  of t he  co l l i s ion  probabi l i ty  as can be seen i n  
Fig. 20C where t h e  two c o l l i s i o n  probabi l i ty  curves are shown t o  y i e l d  s ign i f i can t ly  
diff 'erent behavior when electron-ion e f f ec t s  are included. Figure 20 i l l u s t r a t e s  
t h e  fact  t h a t  t he  coupling between t h e  experimental e lec t ron  temperature range of 
th i s  inves t iga t ion  and t h e  e lec t ron  veloci ty  range of s e n s i t i v i t y  i s  s ign i f i can t ly  
strengthened by t he  f a c t  t h a t  t he  normalized e f f ec t ive  c o l l i s i o n  frequency i s  de- 
pendent on the  degree of ion iza t ion  as well as e lec t ron  t e m o e r a t u r e -  T h i s  r ~ n i i l t c .  

i n  a s igni f icant  improvement i n  the a b i l i t y  of t h e  technique t o  determine the  ve- 
l o c i t y  s t ruc ture  of the  electron-atom col l i s ion  probabi l i ty .  

Figure 20A shows t h e  effec- 

Effec t  of - Variation Of - Elec t  ron-Ion - C o l l i s  ion Te m - 
I n  order t o  determine the extent t o  which the  calculated normalized effec- 

t i v e  c o l l i s i o n  frequency i s  affected by var ia t ions  i n  t h e  e f f ec t ive  electron-ion 
cross-section tern (Eqs. 7 and 8) ,  a var ie ty  of modifications t o  both t h e  magnitude 
and ve loc i ty  dependence of t h i s  term were incorporated i n  Eq. 15 f o r  the e f f ec t ive  
c o l l i s i o n  frequency. The effective co l l i s ion  frequency w a s  ca lcu la ted  first assum- 
i n g  va r i a t ion  of approximately 50 t o  100 per cent i n  t h e  absolute magnitude of 'the 
constant associated with the  electron-ion term. The ve loc i ty  dependence of 
w a s  a l s o  modif'ed and n er ica1 integrat ions performed. Electron-ion c ross  sec t ions  

(Eqs. 7 and 8)  at e lec t ron  ve loc i t i e s  of 0.35, 0.6, and 0 . 8 5 m  which correspond 
t o  the  low, medium, and high ve loc i ty  ranges cha rac t e r i s t i c  of the e l ec t ron  t e m -  
peratures  of t h i s  invest igat ion.  The var ia t ions i n  the  ca lcu la ted  normalized ef - 
f e c t i v e  c o l l i s i o n  frequency caused by such manipulation of t h e  electron-ion term 

varying as v- 772 and vm9 9 were used w i t h  a force  f i t  t o  the standard v-8/2 term 
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are shown i n  Fig.  21. 
and represent the  normalized e f fec t ive  co l l i s ion  frequency calculated using Eq. 15, 
t he  c o l l i s i o n  probabi l i ty  of Fig. 19, and the standard electron-ion co l l i s ion  cross 
sect ion (Eqs. 7 and 8).  The shaded areas represent t h e  limits of the  var ia t ion  i n  
the  calculated e f f ec t ive  co l l i s ion  frequency caused by a l t e r a t i o n s  i n  the  electron-  
ion cross  sect ion as described above. It i s  apparent from t h e  f igure  t h a t  the  re- 
su l t an t  e f f e c t  on the  co l l i s ion  frequency i s  r e l a t ive ly  small with ne i ther  the  qua l i -  
t a t i v e  o r  quant i ta t ive  behavior s ign i f icant ly  altered. For reasonable var ia t ions  i n  
the  electron-ion term, such behavior would be expected s ince electron-ion e f f e c t s ,  
although s igni f icant ,  do not dominate the c o l l i s i o n a l  process f o r  the degrees of 
ionizat ion encountered i n  t h i s  experiment, 

The s o l i d  l i n e s  i n  t h e  f igure  are t h e  same as those i n  Fig. 18 

l 

I 

L i m i t s  of Uncertainty -- i n  t h e  Coll is ion Probability - 
The numerical procedures described i n  the  preceding paragraphs have been 

used t o  e s t ab l i sh  the  degree of uncertainty i n  the ve loc i ty  s t ruc ture  of the  c o l l i -  
s ion probabi l i ty  resulting from variat ions inthe theo re t i ca l  expression f o r  the  
e f f ec t ive  co l l i s ion  frequency (Eq. 15); the over-al l  resolut ion of t he  " t r i a l  func- 
t ion" technique f o r  the range of experimental var iables  covered i n  t h i s  invest iga-  
t i o n  has a l s o  been considered. Various experimental checks (out l ined i n  Section 3) 
were made t o  insure t h a t  t h e  plasma diagnostic systems were r e l i a b l e .  Therefore, 
it i s  f e l t  t h a t  t h e  quant i ta t ive  and qua l i ta t ive  behavior of t he  experimentally 
determined ef fec t ive  co l l i s ion  frequency data i s  cor rec t .  However, t h e  poss ib i l -  
it .y always e x i s t s  t h a t  an undetectable systematic experimental e r r o r  may r e s u l t  i n  

quency. If t h i s  were the case, the absolute magnitude of v3ff would not be s ign i -  
f i c a n t l y  a f fec ted .  However, the exact velocity s t ruc ture  of t he  co l l i s ion  prob- 
a b i l i t y  as determined from the  i n t e g r a l  analysis would be a l te red ,  par t icu lar ly  
a t  t h e  extremes of the  ve loc i ty  range of i n t e re s t  where the  s e n s i t i v i t y  of the  
technique begins t o  fade. In  consideration of such a poss ib i l i t y ,  a va r i a t ion  of 
approximately 25 t o  50 per cent i n  t h e  s l - 1 ~  of the  e f fec t ive  co l l i s ion  frequency 
data of Fig.  15, equivalent t o  a var ia t ion of about 15 t o  20 per cent i n  the ex- 
perimentally determined magnitude of T& , has been taken i n t o  account when es- 
tab l i sh ing  the  envelope of uncertainty f o r  t h e  co l l i s ion  probabi l i ty  ve loc i ty  
s t ruc ture  (dashed l i n e s  i n  Fig. 19). 
t he  known l i m i t s  of accuracy of t he  experimental techniques. 

I 

l 
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Such a var ia t ion  i s  reasonable i n  view of 

A family of co l l i s ion  probabili ty curves which forms t h i s  envelope has 
been determined from an analysis  of t r i a l  functions f o r  Qeil(v). 
family when averaged over a l l  e lectron ve loc i t les  y ie lds  a normalized e f fec t ive  
c o l l i s i o n  frequency having the  quant i ta t ive and general  qua l i t a t ive  behavior of 
the  v-:ff data  of Fig. 15 subject t o  the poss ib i l i ty  of experimental e r r o r  as  de- 
scribed i n  the  previous paragraph. 
t he  same qua l i t a t ive  behavior as the  co l l i s ion  probabi l i ty  curve yielding the  
bes t  f i t  t o  the  experimental da ta  of t h i s  invest igat ion ( s o l i d  l i n e  i n  Fig.  19).  
However, it i s  apparent from the f igure  that  t he  t o t a l  increment of uncertainty 

Each member of t h i s  

The envelope (dashed l i n e s  i n  Fig. 19)  has 
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!Ae) in  the  co l l i s ion  probabi l i ty  magnitude as defined by the  envelope can be qui te  
l a rge ,  pa r t i cu la r ly  a t  the  extremes of the veloci ty  range of s ens i t i v i ty .  This 
should -.ot be interpreted as  meaning that any co l l i s ion  probabi l i ty  curve falling 
within the  envelope w i l l ,  when averaged, s a t i s f y  the  experimental data of t h i s  in -  
ves t iga t ion .  For example, an increase i n  the magnitude of the  co l l i s ion  probabi l i ty  
i n  t h e  lower ve loc i ty  range of sens i t iv i ty  (0.4 t o  0 . 5 > / s )  must be accompanied by 
a decrease at higher ve loc i t i e s  such as t o  y ie ld  the  same magnitude and approximately 
t h e  same slope as the  v,:f data of Fig. 15 when averaged over t h e  electron ve loc i ty  
d i s t r ibu t ion .  It should be noted t h a t  the co l l i s ion  probabi l i ty  of Fig. 19 i s  not 
experimental data  but ra ther  i s  based on t h e  in te rpre ta t ion  of experimental data.  
The range of uncertainty i n  t h e  precise veloci ty  s t ruc ture  of t h e  co l l i s ion  prob- 
a b i l i t y ,  as determined from the  analysis described above, i s  an  indicat ion of t he  
possible  var ia t ions  associated with t h i s  in te rpre ta t ion  and a l s o  indicates  t h e  
importance of consistent and r e a l i s t i c  in te rpre ta t ion  of "average" o r  "effective" 
co l l i s ion  probabi l i ty  data  determined from experimental measurements of over-al l  
c o l l i s i o n a l  e f f e c t s  i n  plasmas. 

jc 

7 .  Conclusions 

Averaging of t he  Coll is ion Frequency -- 
The signif icance of t he  inclusion of a c o l l i s i o n  term t o  represent e lectron-  

ion  in te rac t ions  i n  the  theo re t i ca l  formulation of Section 2 i s  e a s i l y  appreciated 
f rm the  ana lys i s  of the experimental and theo re t i ca l  data  presented previously. How- 

co l l i s ion  probabi l i ty  can have on plasma t ranspor t  propert ies  ( the  actual measurables 
i n  an experimental system) i s  not so obvious. 
t h i s  point .  
term f o r  t h e  dc flow of current through a homogeneous plasma was defined by Eq. 4 
and can be w r i t t e n  

ever .  t he  effect that ,  diffprpnrps i n  t.hp nvpracina nf the ao+l1al I r e l n p i + : r  d e y n d n n f  

The following example w i l l  i l l u s t r a t e  
The e f f ec t ive  electron-heavy p a r t i c l e  co l l i s ion  frequency o r  r e s i s t i v e  

aO rnv2 
4 -2kT, 

- I  - -  - 8 ( - m f / v e  dv . 
v&( v 

0 
"eff(dc) 3&r 2 kTe 

(25) 

where 
quency. 
Eqs. 4 and 25, an e f f ec t ive  co l l i s ion  frequency can be defined f o r  t h e  case where the  
e l e c t r i c  f i e l d  is  ac. If the  square of t h e  radian frequency of t he  e l e c t r i c  f i e l d  i s  
much g r e a t e r  than the  square of the  electron heavy pa r t i c l e  c o l l i s i o n  frequency (w2,>u(v )'), 
a case of ten encountered i n  pract ice ,  an ac e f f ec t ive  co l l i s ion  frequency can be de- 
f ined  

( v )  is  t h e  - o t a l  e lectron heavy p a r t i c l e  momentum transfer co l l i s ion  fre- 
Subject t o  t h e  same res t r i c t ing  assumptions per t inent  t o  the  der ivat ion of 
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which represents  the over-al l  ac res i s t ive  e f f e c t s  due t o  co l l i s iona l  encounters 
between e lec t rons  and heavy pa r t i c l e s .  It i s  apparent from Eqs. 25 and 26 tha t ,  
i f  expressions of t h i s  type are used without consideration f o r  t he  differences i n  
t h e  averaging process, t h e  resu l tan t  effect ive co l l i s ion  frequency will be depend- 
en t  on t h e  experimental techniques used i n  t h e  measurements. For example, dc con- 
duc t iv i ty  measurements can lead t o  an e f fec t ive  co l l i s ion  frequency given by Eq. 25, 
and microwave at tenuat ion measurements can result i n  an e f fec t ive  co l l i s ion  fre- 
quency given by Eq. 26. 
i n  t h i s  manner, Eq. 25 and 26 i l l u s t r a t e  t h a t  the resu l tan t  e f f ec t ive  dc and ac 
co l l i s ion  frequencies do not represent t h e  same average of co l l i s ion  frequency over 
e lec t ron  ve loc i t i e s .  That is ,  effect ive co l l i s ion  frequencies of t he  type defined 
by t h e  preceding equations are not unique plasma parameters as  i s  the  ac tua l  ve- 
l o c i t y  dependent c o l l i s i o n  frequency which depends on t h e  propert ies  of t he  atom 
representat ive of the  sca t te r ing  gas. 

Although an "average" co l l i s ion  frequency can be obtained 

Often an effect ive co l l i s ion  probabi l i ty  i s  obtained ind i r ec t ly  from t h e  
measurement of plasma transport properties, which lead t o  an e f f ec t ive  co l l i s ion  
frequency, by normalizing t h e  effect ive c o l l i s i o n  frequency with respect t o  atom 
densi ty  and dividing by the  most probable o r  average e lec t ron  ve loc i ty  of a 
Maxwellian d is t r ibu t ion .  
e lec t ron  temperature t o  an electron velocity (Eq. 20), assumes t h a t  the heaviest  
weighting of t h e  c o l l i s i o n a l  process occurs very close t o  t h e  peak of t h e  d i s t r ibu -  
t i o n  of the e lec t ron  ve loc i t i e s .  This assumption i s  not general ly  m e t  i n  pract ice ,  
pa r t i cu la r ly  f o r  low e lec t ron  energies where t h e  co l l i s ion  frequency m a y  be a strong 
function of ve loc i ty  over t h e  range covered by t h e  electron veloci ty  d is t r ibu t ion .  

of weightiag the  actual ve loc i ty  dependent c o l l i s i o n  frequency most heavily at i t s  
minimum, and the  ac e f f ec t ive  co l l i s ion  frequency (Eq. 25) t he  r e su l t  of weighting 
which places grea tes t  emphasis on the velocity range where the  ac tua l  co l l i s ion  f r e -  
quency i s  a maximum. 

This approach, which relates the  experimental measurable 
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Numerical calculat ions of the ac and dc e f f e c t i t e  co l l i s ion  frequency have 
been made using a va r i e ty  of hypothetical co l l i s ion  probabi l i ty  curves s imi la r  t o  
those presented i n  Fig. 16. The resul t ing differences i n  t h e  e f f ec t ive  co l l i s ion  
frequencies were found t o  be as high as a f a c t o r  of four; even t h e  qua l i t a t ive  be- 
havior of the e f f ec t ive  co l l i s ion  frequencies was d i f f e ren t  i n  ce r t a in  ranges of 
e lec t ron  temperature. The e f f ec t ive  co l l i s iona l  parameters defined by Eqs. 25 and 
26 and a va r i e ty  of other  c o l l i s i o n a l  parameters obtained from equations r e l a t ing  
such plasma transport  propert ies  as conductivity d i r e c t l y  t o  a co l l i s ion  probabi l i ty  
are not unique plasma propert ies ,  but rather, are defined f o r  convenience t o  repre- 
sent t h e  over-al l  e f f ec t  of co l l i s ions  on a pa r t i cu la r  measurement. Only i n  the 
case of near ly  constant c o l l i s i o n  frequency (v - l  dependence of co l l i s ion  probabi l i ty  
on e lec t ron  ve loc i ty)  do a l l  the  effect ive forns  of the co l l i s ion  frequency reduce 
t o  approximately the  same value and adequately represent t he  t r u e  e lec t ron  heavy 
p a r t i c l e  co l l i s ion  frequency. 
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Analysis of Available Col l is ion Probabili ty Data - - 
The apparent necessity of including electron-ion e f f e c t s  i n  the  analysis  

of cesium plasmas i n  the  ranges of e lectron temperature and degrees of ionizat ion 
of p r a c t i c a l  i n t e r e s t  and the  importance of proper averaging of t he  electron-cesium 
heavy p a r t i c l e  co l l i s ion  probabi l i t i es  over e lectron v e l o c i t i e s  have prompted a re- 
evaluat ion of t he  avai lable  average cesium co l l i s ion  probabi l i ty  data  reported i n  
t h e  l i t e r a t u r e .  O f  t he  avai lable  co l l i s ion  probabi l i ty  data (Fig. l), only Refs. 2 
and 3 attempted t o  determine the  ac tua l  veloci ty  dependent co l l i s ion  probabi l i ty  
from an i n t e g r a l  analysis .  
va r i e ty  of plasma t ransport  propert ies ,  in fer red  an average c o l l i s i o n  probabi l i ty  
from an e f f ec t ive  c o l l i s i o n a l  term similar t o  those described i n  the  previous 
paragraphs. The average co l l i s ion  probabili ty s o  determined was then p lo t ted  as 
a function of most probable o r  average electron veloci ty  which i s  a function of 
e lec t ron  tenperature,  an experimental measurable. I n  addi t ion t o  the  noma1 ex- 
perimental e r ro r ,  t he  co l l i s ion  probabili ty determined i n  t h i s  manner i s  subject 
t o  the  uncer ta in t ies  associated with the differences i n  averaging described i n  the  
previous paragraph. A considerable improvement i n  the  understanding of t h e  cesium 
c o l l i s i o n  probabi l i ty  data  r e s u l t s  if the avai lable  data  i s  converted back i n t o  an 
e f fec t ive  c o l l i s i o n  frequency form and plot ted as a function of e lectron tempera- 
ture. This i s  accomplished by converting the  ve loc i ty  coordinate of each data  
point of Fig. 1 t o  an e lec t ron  temperature through the  use of Eq. 20. A normalized 
e f f ec t ive  c o l l i s i o n  frequency i s  recovered by multiplying each co l l i s ion  probabi l i ty  
da ta  point by i t s  corresponding most probable ve loc i ty  point.  This conversion proc- 
ess r e s u l t s  i n  a presentation of the  available experimental da ta  i n  a form more 

References 4 through 11, involving measurement of a 
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Figure 22 presents t he  available experimental data (Refs. 2 through 11) 
i n  e f f ec t ive  co l l i s ion  frequency form, the  experimental data  of t h i s  invest igat ion,  
and numerically calculated normalized e f fec t ive  co l l i s ion  frequency extrapolated t o  
lower and higher e lec t ron  temperatures. 
of the  current invest igat ion w a s  approximately 2500°K, the  integrated co l l i s ion  
probabi l i ty  (e f fec t ive  co l l i s ion  frequency) can be numerically calculated f o r  lower 
e lec t ron  temperatures with reasonable safety,  s ince at lower temperatures and degrees 
of ion iza t ion  i n  the  lom4 t o  10-3 range, electron-ion e f f e c t s  begin t o  dominate the  
c o l l i s i o n a l  processes. The t h e o r e t i c a l  curve was obtained using Eq. 15 and the  col-  
l i s i o n  probabi l i ty  of Fig.  19. It i s  apparent from t h i s  f i gu re  t h a t  in te rpre ta t ion  
of t he  avai lable  cesium co l l i s ion  probabili ty da ta  on the  bas i s  of an e f fec t ive  col-  
l i s i o n  frequency formulation which includes the  e f f ec t  of electron-ion co l l i s ions ,  
produces a c l ea r ly  definable qua l i ta t ive  and quant i ta t ive t rend .  The general  agree- 
ment t h a t  r e s u l t s  when t h e  avai lable  data a r e  analyzed on a common basis and compared 
with t h e  numerically calculated effect ive c o l l i s i o n  frequency i s  fu r the r  evidence of 
t h e  importance of a consis tent  in te rpre ta t ion  of experimental r e s u l t s  and lends sup- 
port  t o  t he  v a l i d i t y  of t h e  co l l i s ion  probabili ty curve resu l t ing  i n  the  best f i t  t o  
the  data  of t h i s  invest igat ion ( so l id  l ine i n  Fig. 19). 

Although t h e  lowest e lec t ron  temperature 
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Extrapolation of Total  Col l is ion Probabili ty Data -- - 
Additional evidence i s  available t h a t  t h e  ve loc i ty  dependent electron-cesium 

atom c o l l i s i o n  probabi l i ty  m u s t  drop t o  an average value considerably less than the  
value of 1400 col l i s ions  per cm per mm Hg suggested by Nottingham. 
p lo t t ed  a smooth extrapolation of Brode'sl t o t a l  co l l i s ion  probabi l i ty  data  at t h e  
higher ve loc i ty  end of the  range of in te res t  t o  t h e  low ve loc i ty  momentum t r a n s f e r  
c o l l i s i o n  probabi l i ty  data of Refs. 2 and 3; t he  average value of t h e  extrapolated 
port ion i s  approximately 1400 col l i s ions  per cm per mm Hg. 
t h i s  extrapolated c o l l i s i o n  probabi l i ty  is compared i n  Fig.  24 with t h e  e f f ec t ive  
c o l l i s i o n  frequency of Fig. 22. 
2000%, t h e  integrated extrapolated co l l i s ion  probabi l i ty  curves y i e ld  the  same re- 
sult whichever low veloc i ty  path i s  followed, Ref. 2 o r  R e f .  2 ,  Upon e m i n a t i o n  of 
t he  f igure ,  it i s  apparent t h a t  t h e  normalized e f fec t ive  co l l i s ion  frequency of t h i s  
example i s  considerably higher i n  magnitude than the co l l i s ion  frequency which re- 
sults i n  t h e  agreement between the  data  of t h i s  invest igat ion and the  data of R e f s .  
2 t o  11 (Fig. 22).  
frequency curves var ies  f r o m  approximately a f ac to r  of 2 at the  higher e lectron 
temperatures (5OOOOK) t o  as much as a fac tor  of 5 for e lec t ron  temperatures of 
about 1000%. 
t u r e  of 1000°K, represents information obtained from nine d i f fe ren t  experimental 
e f f o r t s  including the  current investigation, it would. seem reasonable t o  assume 
t h a t  at l e a s t  t he  correct  magnitude of t h e  co l l i s ion  probabi l i ty  has been estab- 
lished.. Consequently, a smooth extrapolation of Brode's data similar t o  t h a t  of 
Fig. 23 o r  t h e  assmpt ion  of a constant average value of approximately 1400 c o l l i -  
s ions per cm per mm Hg could lead t o  considerable error i n  ~ ~ 1 1 r i i l ~ t i n n ~  y r t a i n i n u  v 

t o  plasma t ranspor t  propert ies .  

I n  Fig. 23 i s  

The integrated value Jf 

For e lectron temperatures above approximately 

The difference i n  magnitude between t h e  two sets of co l l i s ion  

Since the  v,xff data  presented i n  Fig. 22, above an e lec t ron  tempera- 

Comparison of Theoretical  and Experimental Col l is ion Probabi l i ty  Data - - - 
Although even approximate theore t ica l  calculat ions leading t o  the  electron-  

cesium atom cross  sect ion are qui te  complicated, current i n t e r e s t  has been stimulated 
by t h e  p r a c t i c a l  appl icat ion of ionized cesium vapor i n  devices such as the  thermionic 
converter. It i s  of i n t e r e s t  t o  analyze some of the  more recent t heo re t i ca l  r e s u l t s  
i n  l i g h t  of t h e  conclusions drawn from the experimental and ana ly t i ca l  work of t h i s  
program. 
from cesium atoms w a s  calculated theore t ica l ly .  
p l a r i z a b i l i t y  were used, and t h e  cutoff parameter, t h e  distance at which t h e  po la r i -  
zation-induced force disappears, was allowed t o  vary s l igh t ly .  
d i f fe ren t  t heo re t i ca l  cross sect ions were determined, and it w a s  found t h a t  s i g n i f i -  
cant var ia t ions  i n  the  sca t te r ing  curves are  obtained f o r  small changes i n  the  cutoff 
parameter. However, it is  in te res t ing  t o  note t h a t ,  of t h e  three  curves calculated,  
two had very sharp resonances corresponding approximately t o  a co l l i s ion  probabi l i ty  
of 3250 co l l i s ions  per cm per mm Hg at the peak, which occurred at an e lec t ron  ve- 
l o c i t y  of approximately 0.9 @. 
a%om cross sect ions -were calculated theore t ica l ly  i n  Ref. 25. The resu l tan t  sca t te r ing  

I n  R e f .  24 t h e  t o t a l  elastic scat ter ing cross  sec t ion  f o r  slow electrons 
Various experimental values f o r  t h e  

Consequently, th ree  

The t o t a l  and momentum t r a n s f e r  electron-cesium 
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curves f o r  both the t o t a l  and the  momentum t r a n s f e r  cases a r e  s imilar .  
t he  r e su l t an t  t h e o r e t i c a l  curve exhibi ts  a resonance behavior having a peak of 1800 
c o l l i s i o n s  per cm per mm ~g at an electron ve loc i ty  of approximately 0 . 7 m  and a 
minimum of about 560 co l l i s ions  per cm per mm Hg a t  0.25 m. 
t i o n  (Ref. 26) of both the  t o t a l  and momentum t r a n s f e r  e l a s t i c  sca t te r ing  cross  sec- 
t i o n s  has resu l ted  i n  an extremely sharp resonance i n  both cross  sect ions at about 
0 . 5 p .  
of about 200 co l l i s ions  per cm per mm Hg at 0 . 3 5 m  t o  a u u m  of 3300 c o l l i s i o n s  
per  cm per  ILUR Hg at O . 5 f l .  
e lec t ron  v e l o c i t i e s  than i n  e i t h e r  of the previous two cases mentioned. However, t he  
general  qua l i t a t ive  behavior fea tur ing  a pronounced resonance is the  same. The t o t a l  
and momentum t r a n s f e r  c o l l l s i o n  probabi l i t i es  of Ref. 26 d i f f e r  by as much as 100 per 
cent i n  the 0.7 t o  l.O@ range, which ind ica tes  a s igni f icant  angular dependence of 
t h e  d i f f e r e n t i a l  sca t te r ing  cross  section. Such behavior points  out the  possible 
e r r o r  i n  t h e  use of t o t a l  co l l i s ion  probabi l i ty  data  obtained f rm elec t ron  beam meas- 
urements t o  ca lcu la te  plasma t ranspor t  propert ies  which depend on the  momentum t r ans -  
fer  c o l l i s i o n  probabi l i ty .  

As i n  R e f .  24, 

A more recent calcula-  

The magnitude of t he  momentum t r a n s f e r  cross  sect ion r i s e s  from a minimum 

I n  t h i s  case the  resonance is  sh i f t ed  more towards lower 

The theo re t i ca l  calculat ions of Ref s .  24 t o  26 are presented i n  Fig. 25 along 
with t h e  c o l l i s i o n  probabi l i ty  determined from the  experimental and ana ly t i ca l  data of 
t h i s  program. It i s  apparent from the differences i n  t h e  var ious t h e o r e t i c a l  curves 
and from examples t r e a t e d  i n  the  or ig ina l  references t h a t  t h e  c o l l i s i o n  probabi l i ty  
i s  extremely sens i t ive  t o  the  theo re t i ca l  form used t o  represent po lar iza t ion  e f f e c t s .  
Consequently, a model which accurately describes the  atomic polar iza t ion  by the in -  
cident e l ec t ron  is  a pmrequ i s i t e  f o r  an  accurate t h e o r e t i c a l  predict ion of the  
e l a s t i c  e lec t ron  sca t te r ing  cross  section f o r  cesium. However. the aencral f n n n  nf 

the various t h e o r e t i c a l  s ca t t e r ing  curves of F i g .  25 i s  the  same and i s  i n  excel lent  
qua l i t a t ive  and semi-quantitative agreement with the  c o l l i s i o n  probabi l i ty  curve 
determined from t h i s  invest igat ion.  Of pa r t i cu la r  s ignif icance i s  the  t h e o r e t i c a l  
predicat ion of a resonance i n  the  0.5 t o  l.Om range, coupled with a sharp drop 
t o  a minimum i n  the  co l l i s ion  probabi l i ty  i n  the  0.3 t o  0 . 7 m  range of e lec t ron  
ve loc i t i e s .  
over previous calculat ions,  an average value of the  p o l a r i z a b i l i t y  was used which 
corresponds approximately t o  the  average of the  experimental values. 
numerical experimentation i n .  Ref. 26 indicates  considerable s e n s i t i v i t y  t o  the  
exact choice of the  po la r i zab i l i t y .  Although the  general  shape of t he  t h e o r e t i c a l  
curve remains the  same f o r  s l i g h t  var ia t ions  i n  t h e  po la r i zab i l i t y ,  t h e  locat ion of 
t he  resonance can be sh i f t ed  along t he  veloci ty  scale .  Since t h e  range of maximum 
s e n s i t i v i t y  of t h i s  invest igat ion and the da t a  of R e f s .  4 through 11 corresponds t o  
the  ve loc i ty  range where theory predicts  a sharp d ip  i n  the c o l l i s i o n  probabi l i ty ,  
t h e  ana lys i s  of t he  numerical and experimental data presented here ind ica tes  t h a t  
t he  a c t u a l  loca t ion  of t he  co l l i s ion  probabi l i ty  minimum (approldmately 100 t o  300 
co l l i s ions  per cm mm Hg) i s  i n  the  0.45 t o  0 . 6 5 m  range of e lec t ron  v e l o c i t i e s  
with t h e  indicated resonance occurring i n  t h e  0.75 t o  l . O G V  range. 

I n  Ref. 26, which i s  the  most recent work and presumably an improvement 

However, 
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CESIUM ION-ATOM TOTAL COLLISION PROBABILITY MEAS-S 

8. Introduction 

I n  order t o  obtain an insight  i n to  the  mechanism responsible f o r  the  prodw- 
t i o n  of t he  non-equilibrium ionizat ion which exists i n  the  neutral izat ion plasma of 
arc-mode thermionic converters, t he  loss rate of ions from t h e  plasma must be accu- 
r a t e l y  known. I n  diffusion-dominated plasmas the  loss rate of ions is  determined by 
the i r  mobili ty.  
sium ions in te rac t ing  with cesium atoms have been made over t h e  energy range of 0.12 
t o  9.7 e V  using a modified Ramsauer experiment under Contract NASr-112. The present 
invest igat ions are extensions of t h i s  work t o  energies below 0.12 e V  which i s  t h e  
energy range of most i n t e r e s t  i n  t h e  analysis of t he  neut ra l iza t ion  plasma that exists 
i n  the  converter.  Knowledge of the  cesium ion mobility provides an ins ight  not only 
i n t o  the  l o s s  rate of ions from the plasma but a l s o  of t h e  possible energy t r a n s f e r  
mechanisms from the  plasma t o  the  emitter surface which can cause a s igni f icant  
change i n  the emitter surface work function. 

Preliminary measurements of t h e  t o t a l  co l l i s ion  cross  sect ion of ce- 

Extrapolations of high-energy charge exchange information reported i n  the 
literature t o  the  energy range of in te res t  i n  t he  converter have been made by Sheldon. 27 
These extrapolations,  which have included approximations t o  account f o r  polar izat ion 
e f f e c t s  a t  energies below 1.0 eV,  vary by as much as an order of magnitude. The low- 
e s t  energy at  which charge exchange cross sect ions have been measured using beam tech- 
niques i s  6.0 e V  ( R e f .  28). Due t o  the nature of t h e  experimental apparatus employed 

could be made i n  these invest igat ions.  Therefore, the  reported charge exchange cross- 
sec t ion  infomat ion  at an energy of 6.0 eV can be i n  serious e r r o r  due t o  a large un- 
ce r t a in ty  i n  t h e  determination of the  energy of the ion beam. Other attempts have 
been made t o  determine cesium ion mobil i t ies  by observing the  decay rate of t he  af- 
terglow of a cesium p l a ~ m a . ~ 9 , 3 ~  I n  these measurements no attempt was made t o  de- 
termine t h e  nature of the ion energy dis t r ibut ion,  and i n  some cases, t he  dminant  
ion ic  species ex is t ing  i n  the plasma was not ident i f ied .  
which uses a modified Ramsauer beam technique, contact po ten t i a l  e f f e c t s  have been 
eliminated from t h e  measurement by employing an electroformed c o l l i s i o n  chamber. 
The energy, as well as the species of the ion  beam in te rac t ing  with the  cesium atoms 
i n  t h e  c o l l i s i o n  chamber, has been posi t ively iden t i f i ed  i n  these invest igat ions.  
The one l imi t a t ion  of t h i s  megsurement has been that  t he  cross  sect ion determined 
by these techniques i s  a quasi t o t a l  co l l i s ion  cross sect ion which i s  dependent on 
the  resolut ion of t h e  system. However, completely c l a s s i c a l  techniques have been 
successful ly  used t o  analyze the t o t a l  co l l i s ion  cross-section information t o  de- 
termine t h e  magnitude of t he  charge exchange contribution. A paper out l ining the 
results of th i s  analysis  and the  cesium ion mobility determined on the  bas i s  of 
these r e s u l t s  was presented at the  IEEE Thermionic Conversion Spec ia l i s t  Conference 
held i n  Cleveland, Ohio, on October 26 t o  28, 1964. 
t h a t  t h i s  analysis  of the  cross-section information has brought out i s  the  importance 
of determining ion mobi l i t i es  by integrating the  d i f fus ion  cross  sec t ion  over the  ion 

in +.haso pha-p~p  o v m h ~ n n o  m o s c i ~ r e m n m C r  m- - - - - - - A * - -  --- - - - - & - - A -  -- - '  ' - v _  _ _ _ _ _ _ _ _ _ _ _ _ _ I  --_ - - - - - w - A w - I  +VI ~ W V I L V U ~ U  p u v ~ ~ u r a r  C L L C L ~ D  

I n  the present experiment, 

One other  e s s e n t i a l  fea ture  
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energy d i s t r ibu t ion  r a the r  than using a vr lue of t h e  d i f fus ion  cross  sec t ion  which 
corresponds t o  the  tempera ture  of t h e  ion  energy dis t - ibut ion t o  determine ion mo- 
b i l i t y .  I n  t h i s  report  period fu r the r  analysis  of t h e  avai lable  cross-section data  
has been conducted t o  take i n t o  account the energy resolut ion of the col l is?’on cham- 
ber and the e f f e c t  of the f i n i t e  velocity of t he  t a r g e t  gas  atoms on the magnitude 
of the measured low-energy t o t a l  co l l i s ion  cross-section information. Ion beam en- 
ergy d i s t r ibu t ions  were obtained down t o  energies of 0.107 e V  and ion beams with 
energies  as low as 0.058 e V  were detected i n  the system. 
i n  t h i s  period t o  measure t h e  t o t a l  co l l i s ion  cross  sec t ion  at energies below 
0.1 e V ,  but  due t o  problems encountered with cont ro l  of the  cesium pressure within 
t h e  w e l l ,  t h i s  information should be considered preliminary and should -.ot be con- 
s idered as a quant i ta t ive measurement of the t r u e  cross  sect ion ex is t ing  at these  
energies .  

Attempts have been made 

9 .  Description of Experiment and Measurement Techniques 

Beam techniques have been employed by many inves t iga tors  t o  determine ion- 
atm c o l l i s i o n  p robab i l i t i e s .  The most noteworthy of these measurements are the  in-  
ves t iga t ions  conducted by R a m ~ a u e r , ~ ~  the results of which are quoted i n  t h e  English 
l i t e r a t u r e  incor rec t ly .  The use of beam techniques a t  energies less than severa l  
e lec t ron  v o l t s  i s  ser ious ly  l imi ted  by uncertaint ies  i n  t h e  determination of t he  
ion beam energy due t o  contact po ten t ia l  e f f ec t s  which are par t icu lar ly  severe i n  
cesium environments. I n  t h i s  investigation, as i n  the e a r l i e r  Ramsauer beam ex- 
periments, t he  t o t a l  c o l l i s i o n  cross section i s  determined by measuring the at-  
tenuat ion or an ion beam of known energy produced by an increase i n  c o l l i s i o n  
chamber neu t r a l  p a r t i c l e  density.  I n  the present cesium ion-atom t o t a l  c o l l i s i o n  
cross-sect ion measurements, contact po ten t ia l  problems were eliminated by employ- 
ing an electroformed co l l i s ion  chamber i n  which no metal i n t e r f aces  exist t ha t  can 
give rise t o  possible contact po ten t i a l  e f f ec t s .  Shown i n  Fig.  26 i s  a schematic 
drawing of the  system employed i n  these measurements. Cesium ions are produced by 
boi l ing  cesium atoms through a porous tungsten cap which i s  maintained a t  a t e m -  
perature  of approximately 12OO0C. Standard accelerating-decelerating ion opt ics  
are employed t o  ex t r ac t  ions f rm t h e  porous cap. Two sets of def lec t ion  p la tes ,  
one located immediately adjacent t o  t h e  ion gun and the  other  located d i r e c t l y  i n  
f ront  of t h e  c o l l i s i o n  chamber entrance s l i t ,  are employed t o  a l i g n  t h e  ion  beam 
wi th  t he  co l l i s ion  chamber. A magnetic f i e l d  applied perpendicular t o  the plane 
of the schematic i s  employed t o  energy-select ions produced on the  porous tungsten 
cap. The co l l i s ion  chamber i s  designed so t h a t  t he  entrance and ex i t  s l i t s  and the  
necked-down portion i n  t h e  center  of the co l l i s ion  chamber serve as three degrees 
of r e s t r a i n t  which define the  radius of a c i r c l e .  The energy of t h e  ion beam pass- 
ing through the  co l l i s ion  chamber i s  uniquely determined from a knowledge of cham- 
ber geometry and t h e  magnitude of t h e  applied magnetic f i e l d .  
t rance  and e x i t  s l i t s  are employed on the co l l i s ion  chamber t o  prevent ex te rna l  
e l e c t r i c  f i e l d s  from penetrating i n t o  the chamber, which can ser iously per turb ion 
t r a j e c t o r i e s .  I n  these  measurements t he  energy of the  ion beam i s  uniquely deter-  
mined only while  the  beam i s  within t h e  co l l i s ion  chamber. 

Re-entry type en- 

P r io r  t o  enter ing the  
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chamber t h e  beam energy can be s ignif icant ly  altered by the  accelerating-deceleratir.3 
opt ics  system. Similarly once the  beam exits the  co l l i s ion  chamber, an accelerat ing 
plate i s  used t o  def lec t  the  ion beam off i t s  i n i t i a l  t r a j ec to ry  i n  the  magnetic f i e l d  
and i n t o  an electron mul t ip l ie r .  Only a knowledge of the  energy of the ion beam while 
it i s  i n  t h e  co l l i s ion  chamber is  essential i n  the  measurement. The measured t o t a l  
c o l l i s i o n  cross  sect ion i s  composed of e l a s t i c  sca t te r ing  events t ha t  produce deflec- 
t i o n s  of t he  ion beam grea te r  than 0.0074 radians and e s sen t i a l ly  a l l  charge exchange 
in te rac t ions .  All charge exchange co l l i s ions  are measured i n  t h i s  system because t h e  
newly formed ions produced by the  interact ion have incorrect  t r a j e c t o r i e s  i n  the m a g -  
n e t i c  f i e l d  t o  e x i t  t he  chamber. The attenuation of t he  ion beam can be Lx-edicted by 

-p P x I = Ioe o t 

where 
I i s  the  ion beam current exi t ing the  co l l i s ion  chamber f o r  a f i n i t e  

Io 

po 
Pt 
x 

pressure i n  the  chamber 
i s  t h e  ion beam current exi t ing the  co l l i s ion  chamber f o r  zero pres- 
sure i n  the  chamber 
is  the  pressure i n  the  co l l i s ion  chamber reduced t o  2 7 3 O K  
i s  t h e  number of co l l i s ions  per cm of path per mm of pressure 
i s  the  path length of the  ion beam through t h e  chamber. 

The t o t a l  co l l i s ion  cross  section i s  determined by gradually increasing the  
cesium pressure i n  the  co l l i s ion  chamber and measuring the  number of pa r t i c l e s  m i s s -  
ing from t h e  ion beam produced by the  increase i n  chamber Dressure. The lemzth of 

t he  co l l i s ion  chamber w a s  chosen s o  tha t  t he  operating cesium pressure i n  t h e  cham- 
be r  ranged from Therefore, at t h i s  pressure l e v e l  t h e  exit and 
entrance s l i t s  on the  co l l i s ion  chamber were always operating i n  the  f r e e  molecular 
flow regime. The operating pressure range of the  vacuum system i n  the  mul t ip l i e r  was 
always several  orders of magnitude lower than the  cesium pressure i n  t h e  chamber s o  
t h a t  addi t iona l  co l l i s ion  events produced by in te rac t ions  of t he  ion beam with t he  
background gas i n  the  system could not produce spurious r e s u l t s .  As Eq.  27 indicates ,  
t h e  cross  sect ion can be determined by making a r e l a t i v e  measurement of the  attenua- 
t i o n  of t he  ion beam in t ens i ty  and an absolute measurement of t h e  cesium pressure ex- 
isting i n  t h e  co l l i s ion  chamber. 

t o  10-5 mm Hg. 

Method of Determining Ion Beam Energy - -- 
As it has been outlined i n  the  previous sect ion,  t he  ion  beam energy is  de- 

termined uniquely i n  these measurements from the  radius of curvature determined by t h e  
geometry of t h e  electroformed co l l i s ion  chamber and the  magnitude of the  applied m a g -  
ne t i c  f i e l d .  Since the  co l l i s ion  chamber s l i t s  have a f i n i t e  width, t he  ion beam fo -  
cused through the  c o l l i s i o n  chamber has a f i n i t e  energy width. For the  co l l i s ion  
chamber used i n  these invest igat ions,  the geometrical energy resolut ion of t h e  cham- 
ber i s  e s sen t i a l ly  the  center  energy E -,?,E, whereAE i s  approximately 2 8 per cent t 
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of t he  center  energy E. Shown i n  Figs. 27 through 33 are typ ica l  ion beam dis t r ibu-  
t i o n s  obtained w i t h  t h i s  system. Shown i n  Fig. 34 i s  a comparison between theore t i -  
c a l l y  calculated and experimentally measured ion beam energies a t  half-width, 
can be seen from t h i s  figure, the agreement between theory a d  experiment i s  ex- 
tremely good. The determination of the absolute magnitude of the ion beam energy i s  
dependent upon the absolute magnitude of the  applied magnetic f i e l d  and t h e  geometry 
of t h e  co l l i s ion  chamber. 

As 

The co l l i s ion  chamber geometry is  determined by making ca re fu l  measurements 
p r i o r  t o  p la t ing  of the dimensions of the aluminum mandrel over which the  copper col-  
l i s i o n  chamber i s  electroformed. These measurements include shadowgraphing t h e  shape 
of t h e  mandrel s o  t h a t  t he  thickness of the copper p la te  can be determined absolutely 
upon completion of the electroforming of the  chamber. 
removed with caust ic  solut ions from t h e  electroformed chamber, X-rays are taken t o  
determine the actual build-up of copper i n  various portions of the chamber and a l s o  
t o  inspect the chamber f o r  possible t races  of aluminum from the mandrel which have 
not been e n t i r e l y  removed by the caustic solutions.  Shown i n  Fig. 35 i s  a typ ica l  
X-ray obtained of an electroformed col l i s ion  chamber. 
t h e  width of the co l l i s ion  chamber s l i t s  i s  c l ea r ly  defined a s  i s  the  width of t h e  
necked-down portion i n  t h e  center  of the chamber. 
t a ined  between the  width of t he  necked-down portion determined by measuring t h e  
thickness  of the aluminum mandrel pr ior  t o  p la t ing  and the thickness of t h i s  por- 
t i o n  determined from X-ray measurements. 

After t h e  aluminum mandrel i s  

As can be seen i n  t h i s  figure, 

Excellent agreement has been ob- 

H a l l  probes were used t o  align the  Helmholtz c o i l s  employed t o  generate the 
magnetic f i e l d  in then- rnc=a!.xilT.ernnnfa T- ~~~~~= thct c r r l g l u ~ ~ ~ l  - -  * w t l a  uciiievea 

between t h e  c o i l s  and the  co l l i s ion  chamber, a j i g  which represented the t r a j ec to ry  
of the ion beam within the  colr i r ior ,  chm3er was mounted i n  the  vacuum tank. H a l l  
probes were positioned along the  j i g  t o  determine the  magnetic f i e l d  in t ens i ty  at 
various locat ions along the  ion beam t ra jec tory .  The s p a t i a l  resolut ion of probes 
employed i n  these measurements w a s  one eighth of an inch. 
parison t o  the  f i n i t e  s l i t  width of t h e  chamber which runs from 0.020 t o  0.030 of 
an inch depending upon the  pa r t i cu la r  chamber employed i n  t h e  measurements. How- 
ever,  H a l l  probes were used t o  determine the averaQe f i e l d  and f o r  alignment pur- 
poses s ince it was not ant ic ipated that a widely diverging magnetic f i e l d  would be 
produced by the Helmholtz c o i l  configuration and since magnetic materials were 
eliminated from the  c r i t i c a l  regions of t he  experiment. The absolute magnitude t o  
which t h e  H a l l  probes could be cal ibrated over t h e  range from approximately 50 t o  
700 gauss w a s  1: 3 per cent.  To increase the  accuracy of t h e  absolute measurements 
of the magnetic f i e l d ,  a ro ta t ing  f i e l d  gauss meter was employed. The absolute ac- 
curacy of t h i s  system was 2 0.1 per cent o r  2 gauss. The accuracy of t h e  ro ta t ing  
f i e l d  gauss meter a t  low magnetic f i e l d s  was improved by employing a n u l l  balance 
technique with a galvanometer t o  determine the  magnitude of the f i e l d .  The ro ta t ing  
f i e l d  gauss meter was ca l ibra ted  against a 100-gauss laboratory standard which had 
an accuracy of 1 gauss a t  100 gauss,  The ro ta t ing  f i e l d  gauss meter c o i l  employed 
i n  these measurements encompasses a volume with a t o t a l  diameter of 0.125 in .  A s  
has been previously indicated,  only the  magnetic f i e l d  along the t r a j ec to ry  of the  

T h i s  i s  la rge  i n  c m -  
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ion beam within the  co l l i s ion  chamber i s  e s s e n t i a l  i n  the  determination of ion beam 
energies .  
b ra t ions  i s  2 2 per cent at 0.21 e V .  
t h e  ion beam t r a j ec to ry  was measured and found t o  vary by 0.3 per cent.  
n e t i c  f i e l d  ca l ibra t ion  i s  shown i n  Fig. 36. 

The accuracy of the  determination of t h e  center  l i n e  energy from these C a l i -  

The radial var ia t ion  in  the  magnetic f i e l d  across 
A t yp ica l  m a g -  

The most important aspect of the determination of t h e  ion beam energy i n  
t h i s  system which makes it unique i n  comparison t o  other techniques i s  the  use of an 
electroformed co l l i s ion  chamber t o  eliminate uncertaint ies  i n  t h e  energy determination 
produced by contact po ten t i a l  e f f ec t s .  Contact po ten t ia l  effects produced by prefer-  
e n t i a l  adsorption of cesium on electrode surfaces can s igni f icant ly  change the  work 
funct ions of these surfaces, thereby producing la rge  uncer ta in t ies  i n  ion beam energy 
i f  re tarding poten t ia l  techniques are used. 

Shown i n  Fig. 38 i s  a comparison of ion beam energies determined by using 
electroformed co l l i s ion  chamber techniques with energies determined using e s sen t i a l ly  
re tarding po ten t i a l  techniques. I n  t h i s  figure t h e  r e s u l t s  f o r  two d i f f e ren t  experi-  
mental conditions are presented. For one set of measurements, which are represented 
by c i r c u l a r  data points,  t he  var ia t ion  in t h e  energy of t h e  ion beam determined from 
the  po ten t i a l  applied t o  the  ionizer  cap t o  the  energy of the  beam determined from 
t h e  magnetic f i e l d  epergy analysis  i s  approximately 0.25 e V  across the  e n t i r e  energy 
range. By maintaining all conditions constant i n  t h e  experiment and changing the  ce- 
sium feed rate t o  t h e  ion izer  cap surface, thereby reducing the  work function, the 
difference i n  t h e  energy determined by the two techniques i s  once again constant but 
i n  t h i s  case i s  displaced by approximately 2.5 e V .  This data  i s  represented by t h e  
t . r i n n p l l 1 s r  n n i n f c  5- F4n 317 mL- -**--l -- .L  I 

i l l u s t r a t e d  by these results can be responsible f o r  t he  wide discrepancy i n  cross-  
sec t ion  information obtained by beam techniques a t  energies below 10.0 e V .  

, . . -  _ _  - 
.L -". ___- v A A + c u  ,.uLAuabu p u u c l l u r a i b  w i i i c i i  is uv vlvlcuy 

The method employed t o  determine t o t a l  co l l i s ion  cross  sect ions i n  these i n -  
ves t iga t ions  i s  t o  increase t h e  cesium pressure i n  the  co l l i s ion  chamber by increasing 
t h e  temperature of t he  cesium well. Accurate cont ro l  and correct  determination of t h e  
cesium w e l l  temperature is  one of the  most d i f f i c u l t  aspects of t he  experiment. From 
cross-section measurements with t a r g e t  gases, such as argon and nitrogen, it was found 
t h a t  t h e  response time of t he  ion beam attenuation t o  changes i n  c o l l i s i o n  chamber 
pressure w a s  e s sen t i a l ly  instantaneous. I n  t h e  cesium measurements t he  pressure of 
cesium i n  t h e  upper co l l i s ion  chamber was determined by measuring the  temperature of 
the coldest  spot i n  the  cesium reservoir ,  The cesium reservoi r  system i s  shown 
schematically i n  Fig.  38. Both a copper ba f f l e  and a copper bottom were employed i n  
the  cesium reservoi r  design i n  an attempt t o  insure t h a t  t h e  cesium would be located 
on t h e  bottom of the  reservoi r ,  The s t a in l e s s  s t e e l  w a l l s  of t h e  reservoi r  were 
heated by conduction from t h e  copper blocks which were used t o  maintain the copper 
electroformed co l l i s ion  chamber at a temperature which was 100°C h o t t e r  than the  
reservoi r .  
coldest  locat ion i n  the  reservoi r  was the copper bottom. Thermocouples were buried 

Detailed temperature prof i les  taken on t h i s  system indicated t h a t  the  
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approximately 0.125 in .  below the surface of t h e  copper so t h a t  an accurate measurement 
of t h e  cesium temperature i n  t h e  reservoir  could be obtained. The two thermocouples 
located on the  bottom of t h e  reservoir  were ca l ibra ted  by measuring inlet  and ou t l e t  
temperature of t he  cooling water of t h e  reservoi r  under conditionswhere other  thermal 

measurements of these two thermocouples was within l 0 C .  
ments t h e  temperature of t he  cooling water around the  cesium reservoi r  w a s  changed 
slowly, and t h e  at tenuat ion of the  ion beam was measured as a f'unction of reservoi r  
temperature. 
rate a t  which t h e  pressure changes i n  comparison t o  t h e  rate a t  which a temperature 
change occurs i n  the  cesium reservoir .  To date,  f o r  t h e  measurements t h a t  have been 
conducted with t h i s  system, it appears conclusive t h a t  t he  r a t e  a t  which t h e  pressure 
change occurs i s  short  i n  comparison with t h e  t i m e  t h a t  ion cross-section information 
i s  obtained. To insure t h a t  the measurements are completely revers ib le  and tha t  t h e  
incident  ion beam has not changed f o r  reasons other than an increase i n  t h e  pressure 
i n  t h e  c o l l i s i o n  chamber, a comparison of t he  i n i t i a l  ion beam current  t o  t h e  f i n a l  
ion beam current  once t h e  cesium pressure has been reduced i n  the  system is  always 
made. A s  can be seen from the  typ ica l  ion beam at tenuat ion curve shown i n  Fig. 39, 
more than one pressure point  i s  used t o  determine the  ac tua l  value of the  cross  
section. 
po in ts  a r e  used t o  determine a cross section. With counting equipment, which is  
used only a t  low ion beam current  levels ,  t h ree  t o  f i v e  poin ts  are used i n  t h e  
determination of t h e  cross  section. This s ign i f i can t  reduction i n  t h e  number of 

these poin ts  starts t o  become comparable with s t a b i l i t y  t i m e s  of t h e  system. From 

exponential behavior near zero pressures. This was due t o  the  f a c t  t h a t  t he re  w a s  
a secondary cesium well  produced by a cool spot located on the  sidewall  of t he  
s t a i n l e s s  s t e e l  cesium reservc i r  system. 
i n  t h e  most recent measurements, a copper ba f f l e ,  as shown i n  Fig. 38, w a s  inser ted 
between t h e  s t a i n l e s s  s t e e l  sidewalls of t he  system and t h e  main por t ion  of t h e  
cesium reservoi r .  The temperature a t  the lower edge of t h i s  b a f f l e  w a s  maintained 
a t  approximately 30°C above t h e  cesium reservoir temperature t o  insure t h a t  secondary 
cesium w e l l s  t h a t  could poss ib ly  form on t h e  reservoi r  walls could not give rise t o  
spurious ion at tenuat ion curves. 
reservoi r  w a s  located a t  the  bottom rather  than on the  sidewalls, copper which has 
excel lent  heat  t r ans fe r  cha rac t e r i s t i c s  i n  comparison t o  s t a i n l e s s  steel w a s  
subs t i tu ted  f o r  the o r ig ina l  mater ia l  i n  t he  bottom of the  reservoi r .  Cesium 
pressure w a s  determined from the  vapor pressure curves of R e f .  32. 

. 
I f luxes  inc ident  upon t h e  system were negligible. It w a s  fe l t  t h a t  t he  accuracy of t h e  

I n  a l l  cross-section measure- 
I -  

Several experimental runs have been made i n  an attempt t o  determine t h e  I 

When counting equipment i s  not required, a minimum of a t  least 10 pressure 

- ion current  a t tenuat ion points  is  caused by t h e  f a c t  t h a t  t h e  t i m e  required t o  obtain 

- .- . ' I  I .  + h i c  e,,zTre i+ _-_ A L - L  LL- :__ 1. - _ _  ____ -- I - - L A  vIIuv lvu  vL-au c1ucIC;IiuabLuii G V C ~  UUL ~ J W L L J L ~  a11 

I n  an attempt t o  eliminate t h i s  problem 

Also t o  insure t h a t  t he  coldest  spot i n  t h e  

10. Analysis of Cross-Section Data 

Since ion-atom cross sect ions a t  thermal energies are being measured, t he  
experimental - e s u l t s  can no longer be interpreted i n  terms of a monoenergetic beam 
of ions in t e rac t ing  with a gas of f ixed t a rge t  atoms. 
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A computer program has been writ ten which ex t r ac t s  t h e  t o t a l  ion-atom cross 
sec t ion  from the  average cross  sect ion as measured i n  the  modified Ramsauer experiment. 
The experimentally measured cross  section i s  r e a l l y  t h e  t r u e  cross  sect ion as a 
funct ion of r e l a t i v e  veloci ty  of t he  in te rac t ing  pa r t i c l e s ,  Q( V r ) ,  averaged over t he  
ve loc i ty  d i s t r ibu t ions  of the  beam pa r t i c l e s  fb(vb) ,  of t h e  gas atoms fg(Vg) and over 
t h e  r a t i o  of t he  r e l a t i v e  veloci ty  of the encounter t o  t h e  beam p a r t i c l e  veloci ty ,  
Vr /Vb. 
number of co l l i s ions  per unit  path length of t h e  ion beam. 
c ross  sec t ion  i s  given by 

The last t e r m ,  Vr / v b  , converts the number of co l l i s ions  per  second t o  t h e  
Therefore, t h e  averaged 

33 which is  similar t o  a form derived by Berkling, e t  a l .  
sect ion of t he  form Q( V r )  = a/VrPand knowing fb (  vb) and f ( V g ) ,  a double numerical 
in tegra t ion  may be performed fo r  a p a r t i c u l a r p  giving Q i n  terms of Q . 
may then be adjusted t o  give the  l e a s t  squares f i t  of < t o  t h e  experimental data. 
Computing f o r  a s e r i e s  of p ' s ,  a best  least squares f i t  may be obtained. This 
gives  t h e  best over-al l  values f o r  Q and p or  equivalent ly  t h e  bes t  true cross  sec t ion  

By assuming a t r u e  cross 

- Q  
The Q 

Q(Vr )  = Q / V r  P e 

.d 

Since t h e  sl i ts  on t h e  co l l i s ion  chamber have a f i n i t e  width, a range of ion 
ve loc i t i e s  pass through t h e  chamber f o r  any applied magnetic f i e l d .  

i s  from 0.96 Vc t o  1.04 Vc , where V, i s  t h e  ve loc i ty  of t he  p a r t i c l e  which moves 
through t h e  centers  of t h e  three  slits, t h a t  is, on a radius of 7.63 em. 
t h e  s i z e  of t he  window i s  d i r e c t l y  proportional t o  t h e  center  veloci ty  of t he  beam, 
The limits of t h e  window a r e  used as the limits of in tegra t ion  f o r  t he  component of 
t he  ve loc i ty  i n  the  d i rec t ion  of t he  beam current .  

A ca lcu la t ion  
_I . I .  h n s d  nn t.he a-nm-+ry nf +ha ~-2:iri-n :k2zyzr ,k.,c-.:, 5"z-t tk: &zZz;- f;;- vz.AvL.I,,Ic=3 

Therefore, 

The ion beam i s  formed i n  an accelerating-decelerating-focusing system 
which i s  space-charge l imited.  Depending on whether t h e  ions i n  t h e  beam have enough 
t i m e  t o  thermalize, t he  veloci ty  d i s t r ibu t ion  function of the  beam may range from an 
accelerated ha l f  - N a x ~ e l l i a n ~ ~  t o  a Maxwell-Boltzmann d i s t r ibu t ion  moving with a 
d r i f t  velocity.  Based on the  estimated ion number dens i ty  i n  the  beam of 10 t o  10 /m , 
and an ion temperature of 0,1 eV, a thermalization time of about 10-l t o  lom3 see may 
be calculated from Sp i t ze r ' s  f o r ~ u l a . ~ 5  t o  10-3 
see i n  t r a n s i t  through t h e  10 cm path length of t h e  co l l i s ion  chamber. 
conditions a t  least some thermalization should be expected. The beam d i s t r i b u t i o n  
may a l s o  be affected by space-charge e f fec ts  and by high thermal ve loc i t i e s  p a r a l l e l  
t o  t h e  magnetic f i e l d  removing some ions from the  beam. Ion beam current d i s t r ibu t ions  
w e r e  calculated on the  bas i s  of an accelerated half-Maxwellian and a l s o  on t h e  bas i s  
of a Maxwellian moving with a d r i f t  velocity,  By varying the  limits of in tegra t ion ,  
p l o t s  of beam current a s  a function of energy were obtained f o r  various center  energies. 

6 8 3  

The ions i n  the  beam spend from 
For these 
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Comparing the  energy widths a t  half height of t h e  ion current  d i s t r ibu t ion  with the  
experimentally measured half-widths, it w a s  observed t h a t  t he  accelerated ha l f -  
Maxwellian gave a much c loser  fit t o  the experimentaldatathan did t h e  d r i f t i n g  
Maxwellian which gave half-widths much too wide. 
t h e  accelerated half-Maxwellian should be used as t h e  beam d i s t r ibu t ion  function i n  
t h i s  case are presented i n  Fig. 34. 

The r e s u l t s  which ind ica te  t h a t  

I *  - 
Q was calculated fo r  a se r i e s  of p S. I n  a l l  these  calculat ions,  f ( V  ) 

was assumed t o  be a Maxwellian d is t r ibu t ion  a t  t h e  temperature of t h e  c o l l i s i o n  
chamber and t h e  beam d i s t r ibu t ion  was assumed t o  be an accelerated half-Maxwellian. 
The value o f p  which gave the  bes t  least squares f i t  t o  t h e  experimental da ta  w a s  
0.76; t h e  Q a t  t h i s  point  was 7.16 x lo5. 

g g  

Therefore, t he  cross  sect ion which best 

I descr ibes  the  experimental data  on t h e  basis of t h i s  analysis  i s  

The results of t h i s  analysis  a r e  presented i n  Fig. 40. 

11. Measurements and Results 

Further measurements of low-energy t o t a l  cesium ion-atom co l l i s ion  cross  
sect ions have been obtained with the  new cesium reservoir .  Modifications w e r e  made 
i n  +.he nr i  ~ + - 1  ??ze~-:zZr y,-ctz, ZLL~ & L L L &  L~upcraure  p r o I i i e s  inaicated that  
a loca l ized  cold spot exis ted on the  w a l l s  of the  reservoir .  This cold spot produced 
a secondary cesium well  which resu l ted  i n  a nonexponential a t tenuat ion of t he  ion 
beam f o r  low cesium pressures i n  the  co l l i s ion  chamber, as shown i n  Fig. 39. The 
purpose of t he  copper b a f f l e  located i n  the lower port ion of t h e  new cesium reservoi r  
and t h e  copper bottom i n  t h e  reservoir ,  a s  shown i n  Fig. 38, w a s  t o  suppress t h e  
e f f e c t s  of secondary wells t h a t  could possibly form on t h e  w a l l s  of t he  reservoi r  
by v i r tue  of the  f a c t  t h a t  the  baffle was operated a t  a higher temperature than t h e  
walls of t h e  reservoi r  and t h a t  t he  bottom was t h e  coldest  por t ion  of t h e  reservoi r  
due t o  improved hea t  t r ans fe r  proper t ies  of the copper. 
p r o f i l e s  obtained with t h i s  new cesium reservoir  design were much more uniform and 
t h e  surroundings of t h e  main port ion of the reservoi r  were a t  an  elevated temperature 
i n  comparison t o  t h e  bottom of the  reservoir,  problems were s t i l l  encmntered with 
cesium being trapped i n  the  feed l i n e  which was located behind t h e  baf f le .  
result, an uncertainty e x i s t s  i n  t h e  determination of t he  absolute neut ra l  cesium 
pressure i n  t h e  co l l i s ion  chamber fo r  the most recent low-energy cross-section data 
obtained. A s  would be expected theoret ical ly ,  with decreasing ion beam energy the  
measured t o t a l  co l l i s ion  cross  sect ion increased. Shown i n  Fig. 41 i s  a comparison 
of t h i s  new data  t o  information obtained previously with an a l l - s t a i n l e s s  steel 
reservoi r  system. Even though t h e  new cross-section information appears consis tent  
with the  previously obtained dcta, t h i s  new information should only a t  bes t  be 

Even though t h e  temperature 

A s  a 
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considered quantitative due to possible pressure uncertainties that can exist in 
the reservoir system. This uncertainty in the absolute magnitude of the cross-section 
information produced by the uncertainty associated with the determination of the 
absolute cesium pressures in the collision chamber is reflected in the wide range of 
scatter in the data obtained at energies near 1.4 eV. 

Shown in Figs. 27 to 33 are typical ion beam distributions measured at 
energies below 3.0 eV. Shown in Fig. 27 is an ion beam energy distribution obtained 
at an energy of 0.107 eV. 
the same design employed previously but of somewhat better construction. Being able 
to obtain this ion beam distribution is a direct result of the improvements made in 
the optics of the system and the fact that the whole experiment is now isolated from 
floor vibration which appears as low-frequency noise to the detection system. 
minimum ion beam energy distribution obtained in this system vas 0.107 eV. 
this energy distribution, ion beams w i t h  energies as l o w  as 0.058 eV were focused 
through the collision chamber. 
distributions is the temperature of the ionizer cap which determines the energy 
distribution of ions formed by contact processes on this surface. 

This distribution was obtained with a new multiplier of 

The 
To obtain 

The limiting parameter in obtaining low energy 

The results of an analysis ofthe earlier cross-section information in 
which the distribution functions of both the ion beam and the neutral particle 
distribution are taken into account are shown in Fig. 41. The most significant 
result of this analysis is that at low energies, on the order of 0.12 eV, the true 
cross section determined from the low-energy measurements is really at relative 
energies of 0.16 ev. 
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Outline of Research for the Next Six-Month Period 

1. Equipment will be set up to measure the total collision cross section of 

electrons interacting with cesium atoms over the energy range of 0.5 to 2.5 eV. 

Experiments w i l l  continue to refine and further analyze the low-energy cesium 

ion-atom cross-section information. 

I 

I 

I 
I 2. 
I 
I 
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ILLUSTRATION OF TYPICAL TRIAL FUNCTIONS FOR THE 
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NORMALIZED EFFECTIVE COLLISION FREQUENCY CALCULATED 
USING EQUATION 15 AND THE TRIAL FUNCTIONS FOR THE 

COLLISION PROBABILITY SHOWN IN FIGURE 16 
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COMPARISON OF EXPERIMENTALLY DETERMINED AND 
NUMERICALLY CALCULATED NORMALIZED EFFECTIVE 

COLLl SI ON FREQUENCY 
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- ILLUSTRATION OF THE IMPROVEMENT IN RESOLUTION OF 

COLLISION PROBABILITY VELOCITY STRUCTURE THROUGH 
DEPENDENCE OF EFFECTIVE COLLISION FREQUENCY ON 
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- ILLUSTRATION OF T H E  SENSITIVITY OF THE CALCULATED 
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NORMALIZED EFFECTIVE COLLISION FREQUENCY CALCULATED 

USING THE EXTRAPOLATED COLLISION PROBABILITY OF FIGURE 23 
COMPARED WITH THE COLLISION FREQUENCY DATA OF FIG 22 
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THEORETICALLY CALCULATED ELECTRON- CESIUM ATOM 

COLLISION PROBABILITY COMPARED WITH COLLISION 
PROBABILITY DATA OF THIS INVESTIGATION 
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X- RAY OF ELECTRO- FORMED COLLISION CHAMBER 
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VARIATION OF APPLIED CAP POTENTIA1 
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